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1.  SUMMARY 


This  document  is  the  Final  Report  for  a  S-year  project  dedicated  to  investigations  of 
chemical  processes  related  to  the  excitation  of  infrared  chemiluminescent  radiation  in  the 
uf^r  atmosphere.  The  effort  has  included  experimental  measurements  and  interpretations  of 
tte  dynamics  of  infrared  fluorescence  from  atmospheric  gases  using  microwave  discharge 
techniques.  Ttese  studies  required  operation  of  the  Air  Force’s  COCHISE  facility  as  well  as 
supporting  experimental  and  analytical  investigations. 

A  wide  variety  of  high'Sensitivity,  spectrally  resolved  infrared  chemiluminescence 
measurements  were  performed  on.the  COCHISE  facility,  over  the  wavelength  range  2  to 
25  itm.  These  inclu^  spectral  surveys  of  the  SWIR,  MWIR,  and  LWIR  regions  for 
fluorescence  which  could  be  excited  by  chemical  interactions  of  metastable  oxygen  and 
nitrogen  with  atmospheric  species.  In  many  instances  these  surveys  revealed  previously 
unobserved  band  systems,  such  as  LWIR  transitions  of  electronically  excited  N2  or 
vibradonally  excit^  N20(v).  In  addi^n,  species  previously  though  to  be  formed,  such  as 
NOfa^ID*  were  found  to  be  unimportant. 

We  also  used  the  COCHISE  facility  to  perform  a  comprehensive  series  of 
investigations  of  the  radiative  and  coUisional  dynamics  of  rovibrationally  excited  NO(v,]). 
Previous  COCHISE  work  has  demonstrated  the  formation  of  NO(v,J)  f^  the  reactions  of 
metastable  N(^D,^P)  with  O2;  those  results  have  major  implications  for  the  production  of 
NO(v,J)  in  tbc  disturbed  atnmsidiere,  and  for  the  concomitant  atmospheric  radiation 
signatures  in  the  SWIR  and  MWIR.  In  the  present  effort,  we  have  obtained  new  data 
showing  the  excitation  of  NO(v,J)  by  an  energy  transfer  mechanism  involving  active 
nitrogen;  this  can  also  be  an  tqjper  atmospheric  process  under  certain  conditions.  We  have 
also  obtained  unique,  new  data  on  the  coUisional  deactivation  of  NO(v,J),  which  wiU  provide 
eagefuial  guidance  to  inteipretations  of  high-altitude  q)ectral  measurements.  FinaUy,  we  have 
performed  a  conq^rehenrive  set  of  measurements,  data  analysis,  and  theoretical  computations 
dedicated  to  the  determinatitm  of  the  IR  transition  strengths  and  uncertainties  for  NO(v,J)  in 
the  fimdamental  and  first  overtone  transitions.  This  effmt  has  determined  e^qerimentaUy  the 
dipole  nKunent  function  for  NO,  and  has  for  the  first  time  placed  the  evaluation  of  the 
infrared  transition  strengdis  of  NO  on  quantitatively  solid  footing. 

In  suppmt  of  die  COCHISE  investigations  of  IR  chemiluminescent  processes,  we  have 
used  disdiarge-flow  mednds  to  investigate  the  reaction  and  quenching  kinetics  and 
q«cttosc<q>y  of  electromcaUy  excited  metastable  species  whi^  can  aa  as  precursors  to 
atmoqdieric  IR  fiotxesoence.  This  woik  has  included  experimental  measuronents  of  the 
Mnerics  and  spectToscofty  of  electtonicaUy  excited  states  of  molecular  nitrogen,  molecular 
oxygen,  nitric  oxide,  and  metastable  atomic  nitrogen.  We  have  also  investigated  reaction 
product  channels  for  the  formation  of  NO***,  N2O  and  NO(v,J)  from  reactions  of 
electrcmicaUy  excited  species. 

To  relate  the  resuhs  of  the  laboratory  experiments  to  observations  and  predictions  of 
high-atehiuie  (dienomena,  we  have  used  the  laboratory  results  to  construct  simple  models  of 
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wronl  excitation  and  deactivation  processes,  paiticulaily  for  NO(v,J).  This  work  has 
resulted  in  a  comprehensive  critical  review  of  the  relevant  chemical  kinetics  data  base  and 
uncertainties.  We  have  also  assembled  a  predictive  steady-state  kinetic  model  for  auroral 
NO(v,J)  excitation,  to  guide  the  interpretation  of  high-altitude  field  t^servations  in  terms  of 
excitation  medianisms. 
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2.  COCHISE  INFRARED  MEASUREMENTS  AND  DATA  BASE 


Infrared  fluorescence  experiments  on  the  COCHISE  facility  at  PLyOPOS  are  focussed 
on  the  dynamics  and  spectroscopy  of  the  excitation  of  infrared-radiating  species  by  processes 
involving  excited-state/metastable  precursors.  COCHISE  has  the  capability  to  measure 
spectrally  resolved  fluorescence  between  2  and  25  /im  from  very  low  concentrations  of 
vibratumally  and  electronically  excited  species  at  gas  phase  temperatures  of  80  to  100  K  and 
pressures  of  a  few  mt.  Energetic  precursors,  created  in  a  set  of  microwave  discharges, 
expand  into  a  low-pressure,  ctyopumped  reaction  volume  where  they  interact  with  of^sing 
jets  of  reagent  (counterflow)  species  under  near-single-collision  conations.  The  resulting 
infrared  flutnescence  is  viewed  by  a  highly  sensitive  scanning  monochromator/Si:As  detector 
combination.  The  apparatus  and  reaction  ceil  are  diagrammed  in  Figures  1  and  2.  The 
nwasurements  poformed  have  focussed  on  (1)  dynamics  of  NO(v,J)  excitation,  radiative 
transition  probabilities,  and  collisional  deactivation;  (2)  surveys  of  fluorescence  excitation 
arising  from  energy  transfer  from  metastable  N2*  and  O2*;  and  (3)  extension  of  the 
capabilities  of  the  ai^nratus  into  the  LLWIR  (16  to  25  ftm). 


B-C243 


Figure  1 

Schematic  of  CCXTHISE  Facility 
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Og/Ar  or  NCVAr 


COCHISE  Reaction  Chambcf 


2.1  SUMMARY  OF  IR  DATA  BASE 

The  COCHISE  infitaied  data  base  is  summazized  in  Table  1.  Measurements  in  the 
SWIR/MWIR  n^on  have  addressed  NO(v,J)  dynamics^  N2  dectronic  tranations,  and  N2O, 
CO,  and  OH  excitation  phenomena.  Measurements  of  NO(v,J)  phenomena  are  discussed 
fuidier  below.  Measurements  of  the  N2(W--*B)  (2,l)/(2,0)  intensity  ratio  give  a  value  *2 
times  larger  than  die  theoretical  value  of  Woner  et  al,  suggesting  an  unpredicted  inflection  in 
the  tiandtion  moment  Discharge-excited  N2*  was  observed  to  excite  by  energy  ^ 

transfer  to  N2O,  jnobably  from  N2(v)  emanating  from  the  discharge.  Dischai^e-excited  0|2 
excited  CO(v«l)  wealdy,  and  did  not  form  any  vibrationally  excited  1^0  upon  interaction 
with  an  counterflow.  In  an  experiment  employing  codisdiarged  Ar/H2/02  mixtures,  we 
observed  flixxesoenoe  from  OH/H2O  near  2.7  fim  and  H2O  at  6  to  7  fim,  but  no  clearly 
identifiable  higb-N  rotational  transitions  of  OH. 

Measurements  in  die  LWIR  have  focussed  on  N2*  spectroscopy  and  attempts  to 
identify  vibratiaii-rotation  bands  of  NO(a^Il).  We  have  observed  the  N2(W-*B)  Q,2)  band  at 
9.6  ftm,  mid  die  (w-m)  (0,1),  (1,2),  and  (2,3)  bands  between  9.5  and  11  fim.  Observation  of 
the  (W-*B)  (3,2)  band  can  contribute  to  the  determination  of  the  (W-»B)  transition  moment 
through  measuremmits  of  the  (3,2)/(3,l)  branching  ratio.  Similarly,  the  data  for  the  (w^) 
transitions  can  be  combined  with  SWIR  data  on  (w-«a)  transitions  to  determine  branching 
ratios  and  transition  moment  variations  with  r-centroid.  These  are  discussed  further  below. 
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Table  1 

COCHISE  Experimental  Database  -  August  1990 


SWIRyMWm  (1  to  8  urn) 


Subject 

Data 

Entries 

Dat^ase 

Status 

CoiniiMnts 

1  to  8  fixti 

NO  F/0  ratios,  High  P 

Aug  1988 
Sep  1988 

Con^lete 

Five  matched  pairs  at  10  mT;  bandhead 
contribution  negligible.  Appendix  A.B 

NO(v,J)  Pressure  Effect 

m 

Complete 

Variation  in  fund,  bands,  temporal  behavior 

2  to  10  mT.  Bandheads,  low,  high  v  levels 
have  different  pressure  dependencies. 

N2(W-B)  Pressure 

Effect 

Jan  1990 

Coiiq)lete 

2  to  10  mT  data  to  be  used  to  support 
NO(v,J)  pressure  studies. 

N2(W-B)  Trans. 
Moment 

Aug  1988 
Ot  1988 

Incoiiq)lete 

2-1/2-0  ratio  2x  larger  than  Weme.  et  al. 
Results  imply  sharp  inflection  in  transition 
moment.  Will  need  more  data  at  similar  r^ 
(e.g.,  3>2/3-l)  and  compare  to  LABCEDE 
lifetimes. 

N2(w-a)  Branching 
Ratios 

Jan  1989 
Feb  1989 

Inconq}lete 

Presence  of  0-1,  1-2,  and  2-3  w-a  bands  at 
9.5  to  11  ^  makes  branching  ratio 
(termination  possible.  A  dedicated  run  will 
be  needed. 

N2*  +  NO 

Oct  1988 
May  1989 
Jun  1989 

Incompltte 

Observe  N20(f3),  NO(v,J),  and  6.5  to 

7.5  loa  mystery  continuum.  N2O  hrom 
impurities.  Some  NO(vJ)  real.  Dau  will 
have  to  be  taken  in  pairs  to  correct  for 
background. 

N2*  +  N2O 

Aug  1989 

Coiq>lete 

Observed  N20(f3)  only.  No  NO(v,J)  or 
nQ^stery  continuum.  Failed  to  see  N20(f|)  at 
7.8  fim. 

O2*  +  CO 

Dec  1988 

Complete 

Only  weak  CO(1-0)  emission  produced. 

|^2QQU3lllli 

Dec  1988 

Coiig)Iete 

No  N20(r3).  Issue  resolved. 

N2*  +  CO  Pressure 
Effect 

Feb  1990 

Complete 

All  data  taken  DC.  CO  funds  increase  with 
pressure  as  with  NO  (v  dq).  not  yet 
determined).  No  effect  on  bandheads. 
Pressure  range  2  to  10  mT. 
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Table  I 

COCHISE  Experimental  Database  -  August  1990  (Continued) 


Data 

Database 

Subject 

Entries 

Status 

Comments 

Discharged  Ar/H2/02 

Mar  1990 

Conqjiete 

Observe  2.7  nm  and  6  to  7  ^m  emissions. 

The  6  to  7  ftm  emission  probably  due  to 

H20(i'2)- 

Other  Studies: 

O2*  +  NO 

None 

0,*.  N,*  +  CO, 

None 

O2*  +  N2O 

None 

Co-discharged 

Old  data 

N2/02/Ar  -  N2O 

only 

8  to  16  /tm 

N2*  Spectroscqoy 

Jan  1989 

Incomplete 

- j 

3-2  W-B  observed  at  9.6  /tm.  0-1,  1-2,  2-3 

Feb  1989 

w-a  transitions  seen  in  9.5  to  11  /un  region. 
More  data  necessary  to  check  branching 
ratios.  16  to  17  /tm  feature  presently 
believed  to  be  re^. 

N2*  +  CO  Survey 

Jan  1989 

Inconq>lete 

No  new  emission  systons  seen. 

NO(a^ID 

Feb  1989 

Complete 

Tried  N2*  +  O2,  NO  without  success.  Data 
allows  upper  limit  for  NO(a^II)  branching 

ratio  to  be  determined.  We  do  observe  N2O 
combination  band  at  10.6  /tm  from  N2O 
impurities. 

Other  Studies: 

OiCv)  transition 

None 

None 

03(v)  high  pressure 

16  to  25  ^ 

Ar  Rydberg  Survey 

Aug  1990 

Incomplete 

Data  from  May,  June  1990  coiqprmnised  by 
cracked  filter.  Thus,  data  from  these  runs 
were  multiple  orders.  Data  from  Aug  1990 
were  taken  with  8  /tm  filter.  All  previously 
observed  9  to  16  /tm  lines  were  seen  here  as 
well.  Another  partial  entry  will  be  needed  to 
properly  observe  all  the  new  lines. 
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Table  1 

COCHISE  Experimental  Database  -  August  1990  (Continued) 


Data 

Entries 

Database 

Status 

Comments 

N2*  Survey 

Aug  1990 

Incon:q)lete 

Aug  1990  data  indicates  broad  system  16  to 

19  /tffl.  Will  need  a  new  filter  to  verify  and 
check  the  22  to  25  /un  range. 

Other  Surveys: 

NO* 

Aug  1990 

Incomplete 

No  emissions  observed  fi-om  N2*  +  O2. 
Should  also  check  N2*  +  NO. 

N20(f2) 

Aug  1990 

Incon^iiete 

Only  a  small  out-of-phase  feature  seen  at 
-15  ftm  from  disclm^ed  Ar/air.  Need  to 
look  again  and  try  N2*  +  N2O. 

OH(J) 

Aug  1990 

Incomplete 

Tried  discharged  Ar/02/H2  in  Aug  1990 
with  no  success.  Try  again. 

CO* 

None 

Incomplete 

Must  try  in  a  near-term  data  set. 

The  NO(a^II)  state  is  the  lowest  metastable  state  of  NO,  lying  a^  «S  eV.  It  is  known 
to  be  fonned  in  three-body  N  +  O  M  recombination.  Its  fundamental  vibration-rotation 
transitions  are  predicted  to  occur  from  10  to  IS  fan,  and  its  first  overtone  should  lie  between 
5  and  7  fan.  From  theoretical  arguments,  we  would  expea  NOfa^IO  to  be  formed  from  the 
reaction  of  N(^P)  with  O2  via  an  adiabatic,  fully  allowed  reaction  path.  The  exoergicity  of 
the  reaction  would  be  sufficient  to  populate  v»0,l  of  the  a^n  state.  Similarly,  it  is  possible 
that  oiergy  transfer  from  tripla  N2  states  to  NO  could  excite  NO(a^lI)  in  a  spin-allowed 
process.  We  performed  experiments  in  COCHKE  to  probe  the  10  to  15  region  fa 
radiation  arising  from  discharged  N2/Ar  +  O2  and  discharged  N2/Ar  -i-  NO  configurations, 
and  observed  no  NO(a^n,v)  fluorescence  in  either  case.  This  pla^  iq>per  bounds  to  the 
branching  ratioa  for  NO(a^II,v^  1)  formation  of  ^  lO"^  for  N(^P)  -I-  O2,  and  s  ICr^  for 
N2(A3e,  W^A)  -I-  NO. 

Additional  LWIR  measurements  have  identified  the  10.6  fan  band  of  N2O, 
excited  by  W  energy  transfer  from  discharge-excited  N2(v).  The  observed  specmun  is 
shown  in  Figure  3.  This  observation  has  in^lications  for  the  possibility  of  N2O  LWIR 
radiation  in  proloi^ed  bombardments,  since  we  know  that  N2O  can  be  formed  from 
bonibarded  air  (see  below).  These  implications  are  summarized  in  Table  2. 

The  COCHISE  measurement  capabilities  have  been  extended  into  the  LLWIR  (16  to 
25  fon)  through  procurement  and  installation  of  antireflection  coated  KRS-5  (thallium 
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biomoiodide)  optics.  The(H)eratioa  and  calibration  of  the  ai^>aratiis  in  this  wavelength  region 
have  been  tested,  and  a  series  of  preliminary  survey  fluorescence  ejqieriments  has  been 
performed.  These  are  summarized  in  Table  1.  An  initial  series  of  experiments  was 
CQnqnomised  by  a  crack  in  the  order-sorting  filter,  and  a  second  series  was  limited  to  the  use 
of  a  filter  optimized  for  the  8  to  16  ^  region.  However,  good  data  were  obtained  for  N2* 
and  Ar(I)  fluorescence  features  in  the  9  to  20  /tun  region. 

2.2  LWIR  N3*  SPECTROSCOPY 

One  of  the  COCHISE  objectives  is  the  examination  of  N2*  spectroscopy.  As  shown 
in  Table  1,  we  have  examined  tte  8  to  16  ^  region  for  nitrogen  electronic  features. 
Although  this  analysis  is  not  yet  complete,  we  have  identified  previously  unobserved 
N2(w^A-a^T)  features  in  the  9.S  to  11  /im  region. 

The  SWIR  (2  to  4  iim)  region  has  been  carefully  examined  for  N2  electronic  features 
by  COCHISE.  We  have  ideodfied  emission  arising  from  N2(W^A,  y-2-5  to  B^r,  v=0-3) 
and  N2(w^A,  vacO-2  to  a^A,  V3:0-2).  Many  of  the  bands  are  overiapped  such  that 
identification  proved  difficult.  This  was  particulariy  true  of  the  3.6  ftm  region  which 
contains  die  3,1  W-B  and  0,0  w-a  bands  siqierimposed.  Owing  to  different  discharge  N2 
mole  fraction  dependencies,  we  were  able  to  positively  distinguish  bodi  emission  systems. 

The  9.5  to  1 1  nm  region  is  similariy  conqilex  and  the  emissions  arise  from  branc 
of  the  same  radiators  encountered  at  3.6  ftm.  The  3,2  W-B  transition  is  centered  at  9.4 
while  the  0,1  w-a  transition  falls  at  9.25  ftm.  The  1,2  and  2,3  w-a  bands  occur  at  10.2 
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Table  2 

N20(v)  Excitation 


•  N2O  is  (braed  in  bombarded  N2/O2 

_  Flow  reactor  experiments  »  >  four  possibilities: 

N2(v  i  15)  +  02(^6)  -  N2O  +  0(*D) 

N2(v  i  8)  +  02(*A)  -  N2O  +  CK^) 

Njfv  2  13)  +  O2OZ)  -  N2O  +  (X^D) 

N2(v  2  6)  +  02(^E)  N2O  +  CK^P) 

_  N2(A,  V  >  3)  +  O2  is  still  unknown 

•  Auroral/midear  production  of  N2O  is  unknown  by  widiout  better  kinetics. 

_  Production  rates  are  probably  slow  to  medium 

—  Chemical  losses  n^ligible,  local  loss  will  be  limited  by  transport 

—  Suggests  gradual  buildup,  120  to  ISO  km,  as  witii  NO  but  more  slowly 

•  N20(00*l)  is  very  efficiently  excited  by  N2(v)  enwgy  transfer  (COCHISE,  LABCEDE 
datt)  »>  potential  10.6  urn  radiator  a^ve  100  km 


11.36  ftm,  respectivdy.  We  have  previously  identified  the  3,2  W-B  feature  in  q)ectia  of 
disdiarged  nitrogen.  Hgures  4  and  S  show  that  to  accurately  rqnoduce  die  observed  spectral 
intensities  in  the  9.S  to  1 1  r^on  requires  more  than  W-B  contribution.  Figure  4  shows 
an  ejqperimental  spectrum  with  a  fit  to  only  3,2  W-B  emission.  Figure  5  shows  tiie  sanm 
data  but  witii  w-a  features  included.  These  features  are  quite  clearly  present  but  a  dedicated 
run  diould  be  perfenned  to  examine  thmn  in  greater  detail,  e.g.,  N2  mde  fraction 
dependence,  brandling  ratios,  etc. 

2.3  LLWa  MEASUREMENTS 

As  indicated  in  Table  1  we  have  successfully  performed  the  first  COCHISE 
examination  of  LLWIR  emissions.  In  the  wavelength  r^rni  beyond  16  ^m  we  have 
identified  new  Ar  Rydberg  emissions  as  well  as  broad  features  possibly  ari^g  from 
These  data  were  taken  with  the  8  /itn  filter.  The  cut-on  for  this  filto’  is  8  /<m  with  tiie  cut¬ 
off  at  iqipfoximatdy  22  /tm.  An  eariier  filter  that  had  a  13.7  im  cut-on  and  25  /im  cut-off 
shattered  during  thermal  cycling.  A  consequence  of  using  the  8  fim  filter  is  the  serious 
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D  INTENSITY 


Figures 

Data  (Ught  line)  and  Fit  (daik  line)  to  3-2  B^t)  and  0-1. 1-2, 

2-3  N2(w^A  -•  a^T) 
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potentiai  of  second  order  interference  at  wavelengths  longer  than  16  ftm.  To  address  this 
issue  we  have  purchased  another  filter  (14  /itn  cut-on  and  22  ^  cut-off)  for  examination  in 
the  next  run.  Use  of  this  filter  will  help  establish  how  much  of  the  observed  16  to  19  ^m 
N2*  emission  is  tot  order. 

We  will  take  precautions  to  avoid  cracking  this  filter  during  cool-down.  These 
precautions  include  greater  clearance  in  the  filtn  holder  and  extensive  testing  prior  to  the 
CCXIHISE  run.  In  these  cooling  tests,  the  filter  and  holder  assembly  will  be  slowly  cooled 
to  LN2  tenoqperature  inside  a  vacuum  chamber.  These  tests  should  be  sufficient  to  indicate 
whether  the  new  niter  can  withstand  the  COCHISE  cryogenic  environment. 

Even  if  the  new  filter  is  successful,  we  will  sdll  require  another  for  a  thorough 
examination  of  the  LLWIR.  Because  the  present  filters  are  constructed  on  Germanium 
substrates,  the  wavelength  cut-offs  occur  at  22  ftm.  We  will  require  another  filter  on  a  CdTe 
substrate  to  access  the  22  to  25  pim  region  (with  a  wavelength  cut-on  at  about  13  to  14  fim). 
We  can  presently  find  no  stock  commercial  source  for  such  filters  which  leaves 
commissioning  a  conqnny  to  produce  one  to  mir  specs,  as  was  done  for  the  2,  4,  and  8  ftm 
filters. 

2.4  DYNAMICS  OF  NO(v.J) 

We  have  performed  an  extensive  series  of  COCHISE  experiments  dedicated  to 
quantitative  determinations  of  the  IR  transition  strengths  and  excitation  characteristics  of 
rovilmttionally  excited  NO(v,J).  A  series  of  experiments  determined  die  overtone/ 
fundamental  branching  ratios  for  v=:2-12  for  low  rotational  ten^oratuies,  T  »  60  K.  This 
woric  was  published  in  J.  Chem.  Phys.;  the  manuscript  is  given  in  Appendix  A. 

In  continuing  analysis,  we  extracted  an  enq[>irical  d4K)le  moment  function  for 
NO(X^II)  frmn  COCHISE  data  on  the  ovettone/fundamental  branching  ratios.  We  verified 
and  extended  our  earlier  preliminary  results  fctf  this  analysis,  and  established  uncertainQr 
bounds  on  the  final  results.  The  method  of  analysis  used  a  nonlinear  least  squares  fitti^ 
procedure  m  determitK  the  enqiirical,  polynmnial  rqnesentation  of  the  dipole  moment 
function  giving  the  best  fit  between  conqi^ed  and  observed  Einstein  coefficient  ratios.  The 
computed  overtone  and  fundamental  band  Einstein  coefficients  were  calculated  by  transition 
moment  integrals  using  RKR  wavefunctions  for  the  upper  and  lower  states,  togedier  with  the 
asioinMMi  form  of  die  d^le  moment  function.  Since  the  COCHISE  data  were  obtained  at 
low  rotational  temperatures,  60  K,  it  was  not  necessary  to  treat  die  effects  of  spin  uncoiqiling 
and  centrifugal  distortion  in  this  analysis. 

The  C(XnfflSE  data  extend  to  v^  13,  limiting  the  validity  of  the  d^le  moment 
function  to  intenaiclear  between  0.9  and  l.SA.  The  enqiirical  results  over  that 

range  are  in  good  agreement  with  the  ab  initio  calculations  of  Laitghoff  et  al.  We  used 
quadratic  and  cubic  enqiirical  dipole  mmnent  fiinctions,  derived  from  the  COCHISE  data,  to 
compute  rotationless  Einstein  coefficients  (A-fsctors)  for  the  fundamental  and  first,  second. 
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and  diird  overttme  bands  of  NO.  These  coefficiaits  are  valid  for  use  at  low  to  moderate 
rotational  temperatures.  A  viewgraph  presentation  of  these  results  is  given  in  Appendix  B. 

Extrapolations  of  the  A-^tors  to  higher  vibrational  levels  require  assumptions  about 
die  functional  form  of  the  dipole  moment  fiinctimi  at  larger  and  smaller  intemuclear 
distances.  This  is  eqiecially  problematic  for  larger  intemuclear  distances,  r>  l.S  A,  since  it 
is  necessary  to  describe  the  "rollover"  in  the  function  as  the  system  approaches  dissociation. 
Since  diere  are  no  experimental  data  to  support  such  a  description  at  diese  intmuclear 
distances,  the  uncertainties  in  the  A-£actors  for  high  vibrational  levels  (v  ■•20  to  26)  are  in 
the  range  a  foctor  of  for  the  fundamental  band  and  are  substantially  larger  to  the  first 
and  higher  overtones.  The  fits  to  the  COCHISE  data  give  two  alternate  functions,  expressed 
as  a  cubic  and  a  quadratic  polynomial  respectively.  These  functions  agree  well  within  the 
range  of  intemuclm  sq»ration  covered  by  the  COCHISE  data,  but  diverge  from  eadi  other 
at  larger  intemuclear  sqmations.  In  order  to  define  the  magnitude  of  the  uncertainties  in  A> 
fiictors  resulting  torn  uncertainties  in  dipole  mommt  functions  at  large  intemuclear 
sqtaration,  we  have  computed  rotationless  A-foctors  to  both  enqtirical  functions  as  wdl  as 
for  ab  initio  fonctions  published  in  the  literature.  A  manuscript  describing  the  determination 
of  die  empirical  dipole  moment  function  and  rmationless  A-foctors  is  now  in  prqnration  to. 
submission  to  the  Journal  of  Chmnical  Physics. 

We  have  also  used  the  COCHISE  empirical  dipOle  moment  functions  for  NO  to 
perform  rigorous  calculations  of  tiie  rotational  line  strengtiis  as  a  function  of  J.  The  purpose 
of  ttiese  calculations  is  to  examine  the  effects  of  the  dipole  moment  function,  s|^  uncoiling 
(tranation  from  Hund*s  Case  (a)  to  Case  (b)),  and  centrifugal  distortion  on  tiie  P-  and  R- 
branch  line  strengths  at  high  J  (J■■80  to  120).  Calculations  were  performed  to  the 
COCHISE  quadratic  and  cubic  empirical  dipote  moment  functions  as  well  as  to  die  initio 

functions  Langhoff  et  al,  Billingsley,  and  P^erimhoff  et  al.  The  calculations  incorporate 
the  ^  uncoufding  treatment  of  Hill  and  Van  Vleck,  and  treat  centrifugal  disttntion  effects 
rigorously  using  RKR  wavefunctitms  to  the  upper  and  lower  rotational  states  of  each 
transition. 

It  appears  diat  qtin  uncoupling  is  a  relatively  weak  dfect  to  NO,  even  at  high  J, 
however  centrifugal  di^ortion  of  the  rovibrattoial  wavefonctions  significandy  perturbs  the 
transition  moment  int^rals.  The  ^focts  of  centrifugal  distortion  on  rotational  intensity 
scaling  ate  small  to  the  fundamental  band,  but  are  significant  to  the  first  and  higher 
overtones.  Spedflcally,  centrifugal  distortion  at  high-J  causes  a  factor-of-two  increase  in  the 
R*brandi  trantition  intensities  of  die  first  ovmtoie;  this  can  increase  dm  int^rated 
overtone/fundamental  band  intensity  ratios  in  cases  where  significant  high-J  radiation  is 
present  The  Chmce  of  dipole  moment  fonctitm  affocts  die  magnitude  of  the  centrifugal 
distortion  ^focts  at  high-J,  and  also  causes  foctor-of-two  variations  in  the  conqwted 
magnitudes  of  the  band-integrated  A-foctors  for  the  fumfomental  band  at  high-v  and  to  the 
first  overtone  band. 

We  have  compared  the  results  to  the  different  dipole  moment  functions,  and  have 
computed  diermaUy  avmaged  A-facton  for  rotational  temperatures  up  to  10,000  K,  v»l-26. 
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fundamental  and  first  overft)ne.  The  thermally  averaged  A-factors  show  a  weak  temperature 
dependence  which  results  i»imarily  from  the  factor  in  the  rotational  line  intently.  We  are 
pvqMuing  a  manuacr^  iqmrting  ^  high-J  effects  and  the  diermally  averaged  A^facton  for 
submission  to  the  Journal  of  Quantitative  Spectroscopy  and  Radiative  Transfer.  We  are 
continuing  to  examine  tire  bdiavior  of  the  second  and  third  overtone  bands  in  order  to  define 
a  series  of  laboiatmy  measurements  which  would  improve  the  empirical  dipole  moment 
accuracy  at  larger  intemuclear  distances.  Such  measurements  would  resolve  current 
disctqwndes  near  l.SA  and  would  enable  much  more  reliable  calculations  of  the  A-frctors 
for  high  vibrational  levds  (v  « IS  to  26). 

In  another  series  of  measurements,  we  observed  NO(v,J)  fluorescence  spectra  from 
tile  energy  transfer  interaction  of  discharged  N^Ar  mixtures  with  NO  counterflows.  These 
measurements  employed  variations  in  discharge  and  counterflow  component  mixing  ratios  in 
an  attempt  to  identiify  the  {necursors  to  the  exdted  NO  fluorescence.  We  observed 
fiuoresceoce  from  at  least  seven  vibrational  levels  having  thermal  rotational  distributions  and 
tiiree  vibrational  levels  having  rotationally  "hot”  (high-J)  distributions.  An  example  qiectrum 
(conqpared  to  a  ^wctnim  fiom  N*  +  O2)  and  p(9ulation  distribution  are  shown  in  Hgures  6 
and  7.  Large  contributions  to  the  rotationally  thermal  NO(v«  1)  populations  from  N^Cv)  VV 
energy  transfer  could  be  identified;  however  the  medianismfs)  for  exdtation  of  the  remdnddr 
of  the  fluorescence  is  still  uncertain.  Spectral  fits  to  the  observed  ^wctra  indicate  energy 
transfer  of  up  to  1.7  eV  to  account  for  the  observed  states.  The  vibrational  state  population 
distributions  are  needy  the  same  for  the  tiiermal  and  rotationally  hot  cemyonents,  and 
conform  with  a  modeled  distrfoution  based  on  NO(A-*X)  radiative  cascade  fitilowing 
formation  of  NO(A)  by  energy  transfer  from  h^(A).  However,  exdtation  of  tiie  high 
rotational  states  requires  exdtatkm  of  NO(A,v,high<J)  by  energy  transfer  from  ^^A,vsS8),  a 
laocess  which  has  never  been  investigated  or  observed.  An  alternative  medianism  witii 
sufficient  energetics  is  energy  transfer  via  N(^D)  +  NO,  which  can  occur  tiirou^  N-atom 
exchange.  Posable  energy  transfer  mechanics  are  compared  in  Table  3.  We  have 
conqtteted  a  detailed  analysis  of  this  data,  aiKl  a  manuscript  is  in  prqMuation. 

We  have  aiso  performed  several  series  of  experiments  dedicated  to  the  investigation  of 
coUiaonal  deactivation  of  high-J  states,  particularly  fi»r  NO(v,J).  These  measurements  woe 
performed  by  systematically  varying  tfie  pressure  of  badqground  He  in  tim  reaction  cdl  and 
using  phase-sendtive  delect  to  obtain  NO(v,J)  spectra  at  two  phase  settings.  By  observing 
both  in-phase  and  out-of-phase  components,  it  is  possible  to  reconstruct  jrfuue-summed  and 
phase-dqiendenC  spectra  whidi  can  be  analyzed  to  determine  detailed  state  populations  fm  the 
rotationally  tiiermal  and  hot  components.  The  NO(v,J)  measurements  were  performed  for 
the  N*  -f  O2  reaction.  As  the  pressure  was  increa^  from  2  to  10  mt,  the  rotationally  hot 
component  was  observed  to  shift  out  of  friiase  with  the  thermal  component  niase-summed 
spectra  diowed  tiie  disqpearance  of  the  high-J  component  witii  increasing  pressure,  and  a 
concomitant  increase  in  tiie  lower  vibrational  levds  of  tiie  rotationally  tiiermal  component 
To  airport  tiie  interpretation  of  these  data,  we  also  obtained  i^iase-sensitive,  pressure- 
dqiendence  data  on  N^^-«B)  emiasion  (a  prompt  radiator  exdted  by  tiie  discharp)  and 
CO(v,J)  excited  by  N2  energy  transfer.  Comprehensive  analyds  of  these  data  will  provide 
new  infinmation  on  the  rotational  deactivaticm  dynamics  of  hi^-J  states. 


13 


VIBRATIONAL  LEVEL 


Figure  7 

&iergy  Transfer  Excitation  of  NO(v,J):  w  ,  N2*  +  NO  NO(v,J)  Average  Pc^nilations 


•  NOv*l)  must  be  corrected  for  N2(v)  +  NO(v«0)  -►  NO(vs*l)  +  N2(v-1) 
contribittkm 

•  V  ^  7  rot^mally  feennalized  bands;  v  ^  3  rotational  band  heads  t^rved 

•  Indicate  energy  transfer  of  ^  1.7  eV 

•  Modeled  distrilHition  is  for  N2(A)  +  NO  NO(A)  -*  NO(v,J) 


15 


Table  3 

Possible  Energy  Transfer  Mechanisms 


Comparison  of  predicted  versus  actual  NO(v,J)  densities 
in  CCX^HISE  experiment 


Species 

Energetics 

(eV) 

Rate  Constant 
(cm‘^  s‘^) 

Required  for 
NO(v4) 
Excitation 

Estimated  for 
Interaction 
Zone 

Comments 

N(2D) 

2.38 

6  X  10*" 

4.7  X  10® 

3-10  X  10*> 

May  occur  through 
atom  exchange 

n(2d)  +  no  - 

NO(v)  +  N 

N(2P) 

3.576 

3  X  10'“ 

9.3  X  10* 

1-3  X  10* 

No  attractive 
potentials  for  atom 
exchange 

NjOV^A) 

7.36 

No  data 

3x  10* 

3x  10* 

Unlikely;  would 
require  gas  kinetic 
rate  constant 

N2(w‘A) 

7.35 

No  data 

3x  10« 

1  X  10* 

Unlikely;  would 
require  gas  kinetic 
rate  constant 

N2(a‘») 

8.4 

-3  X  i(r‘o* 

1.0  X  10* 

2x  10* 

Insufficient  number 
density 

N2(a'»E„-) 

8.55 

3.6  X  10-‘® 

8x  10^ 

3  X  10® 

Possible  but  channels 
to  form  NO(A), 

NO(X)  unknown 

6.315 

6.6  X  10-" 

4x  10* 

1-3  X  10® 

Known  to  form 

NO(A)  with  majority 
of  the  energy  defect 
in  vibration  and 
rotation 

^Assumed 
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3.  FLOW  REACTOR  INVESTIGATIONS  OF  METASTABLE  CHEMISTRY 

Using  dischaige  flow  reactor  techniques,  we  have  performed  several  investigations  of 
die  quendiii^  kinetics,  qiectroscopy,  radiative  lifetimes,  and  reactions  of  electronically 
exd^  and  metastable  qiecies  relevant  to  auroral  excitation  in  the  upper  atmosphere.  This 
w(^  has  resulted  in  several  journal  articles  which  are  included  here  as  appendices. 
Observations  of  N2O  ftmnatioo  from  reactions  of  discharge-excited  N2*  +  O2*  are  described 
in  a  manuacc^  in  Appendix  C.  A  viewgnqdi  preaentatitm  on  the  branching  ratio  for 
(0,0y(0,l)  emission  from  02(^A)  is  given  in  Appendix  D.  Investigatums  of  dynamics 
indudk*  a  search  for  N2(^2$,  Appendix  E;  investigations  of  the  orange  afterglow, 
Appendix  F;  die  transition  moment,  Einstein  coefficients,  and  radiative  lifetime  of  N2(A), 
Appendix  O;  and  energy  transfer  between  N2(X,v)  and  N2(B),  Appendix  H.  A 
determination  of  the  transition  moment  for  the  NO(B-»X)  transition  is  described  in 
Appendix  1.  Investigations  of  metastable  N-atom  kinetics  include  a  determination  of  the 
Einstein  coefficient  for  the  N(^F-*‘^)  transition,  viewgraph  presentation  in  Appendix  J,  and 
rate  coefficients  for  quenching  of  NrP)  by  O2  and  by  O  (including  NO'*'  production  from 
die  latter).  Appendix  K. 

We  have  performed  dischatg^flow  reacts  experiments  to  determine  NO(v,J)  yields  - 
from  the  reactions  of  N(^D)  and  Np^  with  O2.  In  these  eiqieriments,  metastable  atoms 
generated  by  a  microwave  dtschaige  react  with  r^ndly  flowing  in  an  argon  badi  at 
pressures  near  or  bdow  1  Torr  and  room  temperature.  The  NO  formed  from  diese  reactions 
is  interrogated  by  tunidile-UV  laser-induced  fluorescence  (UF)  to  determine  die  vibrational 
and  rotational  populations  in  the  ground  electrcmic  state.  Analysis  of  preliminary  laser- 
induced  fluorescence  qiectra  for  the  X-*A  system  (7-bands)  rented  in  the  identifoation  of 
NO(X,v*22),  undoubtedly  produced  by  the  reaction  N(^F)  O2  (the  coneqionding  N(^D) 
teertioa  has  insuffideat  exoergidty  to  form  diis  state).  This  is  an  important  finding  since 
theorists  have  previously  argued  that  NOOQ  cannot  be  formed  in  the  reaction  of  NrP)  with 
O2  10  die  unavailability  of  adiabatic  potential  surfaces. 

In  subsequent  experiments  we  observed  LIF  in  die  X-*B  systmn  of  NO  (B-bands),  and 
simultaneoudy  monitmed  N(^D)  and  N(^P)  t^cally.  We  detected  N(^D)  by  vacuum- 
ultravicdet  (VUV)  resonance  abwrption  at  149  nm,  and  N(^P)  by  both  VW  resonance 
absorption  at  174  nm  and  passive  fluorescmice  at  346  nm.  The  experiments  were  performed 
in  fost  flows  of  Ar  and  He  buffer  gases  at  pressures  near  O.S  Torr  and  reaction  times  near 
1  ms  (downstream  ftrxn  the  O2  injection).  The  specific  X-»B  bands  observed  to  date  ate 
(v*,v")  »  (1,<^  and  (6,21).  The  observation  of  the  (6,21)  band  near  560  nm  provides  fiirdier 
identi&ation  of  h^h-v  NO(v,J)  which  can  be  produ^  by  reaction  of  N(^P)  but  not  by 
N(^D).  The  data  show  that  the  LIF  intennty  of  this  band  correlates  linearly  with  the  N(^P) 
moBbu  density,  indicating  that  die  reaction  of  N(^P)  widi  O2  is  indeed  respontible  f(»  die 
fonmdion  of  N0(v»21).  At  present,  our  experiments  do  not  distinguish  whether  N0(v«21) 
is  formed  direcdy  from  the  reaction  or  via  near-resonant  coUisional  deactivation  of  hij^-J 
NO(v,J)  fomted  as  the  primary  product.  However,  the  latter  alternative  is  consistent  with 
our  previous  experiments  in  COCHISE,  which  show  initial  formation  of  high-J  NCKv,J),  no 
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detectstt>le  NO(v  Ss  IS),  and  moderately  efficient  deactivation  of  the  high-J  states  by  collisions 
withife. 

Baaed  on  die  COCHISE  observations  of  deactivation  of  the  high-J  states  at  tens  of 
inilliTorr,  we  expect  any  high-J  NO(v,J)  to  be  present  at  greatly  reduced  number  densities 
under  the  conditions  of  these  flow  reactor  expoiments.  However,  owing  to  the  smisitivity  of 
the  UP  technique,  it  may  be  possible  to  detect  the  presence  of  high-J  states  if  they  are 
sufficiently  robust  against  collisional  deactivatitm.  Some  low-intensity  features  observed  in 
the  LIF  q)ectra  may  be  due  to  high-J  states,  however  conclusive  assignmrats  are  difficult 
owing  to  uncertainties  in  the  term  energies  for  high-J  states  in  the  lower  and  upper  electronic 
manifolds.  To  aid  in  the  analysis  and  identification  of  the  LIF  spectra,  we  have  ad^>ted  an 
LEF  ^wctral  {nedictimi  code  developed  in  Prof.  Ron  Hanson’s  group  at  Stanford  University. 
We  have  iqygraded  this  oqnbility  to  incoiporate  the  highly  accurate  spectroscopic  ccmstants 
for  NO(}Q  rqwirted  by  Amiot  and  cowt^cers.  Comparisons  of  simutoted  and  measured  UF 
spectra  in  the  X-*B  (1,(^  band  near  280  to  285  nm  confirm  die  observation  of  J«2S 
transitions,  but  at  near-diermal  intensity  distributions.  The  simulaticms  show  that  high-J 
transitions  for  the  (2,4)  band  overlap  this  spectral  region,  however  we  have  ntM  cleariy 
identified  any  of  these  transitions  in  the  spectra  observed  to  date.  We  are  continuing  to 
pursue  these  measurements  along  the  same  lines,  m  (1)  quantify  the  rdadtmshq)  between  the 
kinetic  bdiavior  of  high-v  NO(v,J)  and  that  of  N<^P),  and  (2)  establish  whedier  detectable 
levels  of  high-J  NO(v,J)  are  present. 


4.  MODELS  OF  AURORAL  EXCITATION 


We  have  related  the  laboratory  data  to  upper  atmospheric  auroral  excitation 
phenomena  and  observations  by  developing  simple  kinetic  models  of  the  excitation  and 
deactivation  processes.  In  particular,  we  have  focussed  on  the  excitation  of  NO(v,J)  by 
chemistry  induced  by  energetic  electron  bombardment  of  the  lower  thermosphere.  As  a  part 
of  this  effort,  we  have  compiled  a  critical  review  of  recommended  values  and  uncertainties 
for  kinetic  parameters  of  elementary  reactions  associated  with  the  formation,  destruction, 
exdtatitHi,  and  deactivation  of  nitric  oxide  in  the  quiescent  and  bombarded  upper  atmoq>here. 
This  review,  dated  November  1991,  is  included  here  as  Appendix  L.  An  update  of  this 
review  u  in  progress  for  submission  to  the  opra  literature. 

We  have  also  performed  a  variety  of  model  calculations  and  predictions  for 
/♦ftmpariBfwi  to  field  data  and  scaling  to  other  auroral  strengths,  altitudes,  and  atmospheric 
(atomic  oxygen)  compositions.  These  predictions  are  made  by  a  steady  state  model 
which  balances  the  excitation  and  deactivation  rates  for  NO(v.J)  and  its 
precursors,  given  a  set  of  atmospheric  composition  and  dosing  profiles.  The 
predicted  vibr^umal  populations  for  the  rotationally  thermalized  and  hot  components  are  then 
used  to  compute  detailed,  high  resolution  spectra  of  the  NO(v,J)  fluorescence  as  it  would  be' 
observed  in  die  atmosphere.  These  predicdons  are  compared  to  fidd  data,  such  as  that 
obtained  by  die  Held  Widened  Interferometer  (FWI). 

The  principal  assumption  in  these  calculations  is  that  the  rotationally  thermal 
comptment,  NO(v),  originates  from  the  reactitm  N(^D)  +  O2,  while  the  rotationally  hot 
component,  NO(Vr0,  arises  from  the  reaction  N(2p)  +  O2,  as  postulated  tesed  on 
COCHISE  laboiarory  results.  We  therefore  must  treat  the  formation  of  N(^D,^P)  from 
electron  impact  processes  and  their  quenching  kinetics  with  O,  O2,  N2,  and  electtons.  We 
also  treat  die  collisionai  and  radiative  deactivation  of  NO(v)  and  NO(v,J).  This  ^ves 
predicted  altitude  profiles  of  die  individual  vibrational  state  number  densities,  wUch  can  be 
to  compare  with  the  overhead  column  densities  observed  by  FWI.  In  gen^,  we 
find  that  the  N(^]^  +  O2  mechanism  only  gives  large  NO(v,J)  yidds  when  tte  atomic 
oxygen  number  density  is  low  and  the  aurora  pmietrates  to  » 100  km.  This  is  because  O 
quenches  N(^P)  more  efficiently  than  O2,  and  at  higher  altitudes  the  increasing  0/0^  rato 
/liwimiiMite*  against  NO(v,J)  formation.  Thus  the  dtitude  of  peak  NO(v,J)  production  is 
near  100  to  120  km,  and  NO(v,J)  production  via  Nf^P)  +  O2  is  predicted  to  decrease 
sharply  with  increasing  altitude.  WhUe  the  predicted  NO(v,J)/NO(v)  yields  agree  with  FWI 
data  for  the  likely  [O]  and  dosing  conditions  of  the  flight,  there  remains  a  significant 
possibility  for  an  additional,  previously  unknown  mechanism  which  m^  produce  NO(v,J) 
at  higher  altitudes.  A  viewgn^  presentation,  illustrating  the  FWI  spectrd  data,  ^  kinetics 
of  tiie  key  reactions,  the  predicted  spem  profiles  and  spectra,  and  potential  additiraial 
reactions,  is  included  in  Ajqpendix  M. 
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The  ratios  of  overtone  and  fundamental  vibrational  Einstein  coefficients  for  NO(X  ’ll )  have 
been  measured  by  spectrally  resolved  infrared  chemiluminescence  near  2.7-3.3  /um  aiul  5.2-6.8 
^m.  The  reactions  of  with  O^,  in  the  presence  of  a  small  background  of  He  in  a 

cryogenic  low-pressure  reactor,  generated  vibrationally  excited,  routionally  cold  (60  K) 

NO(  V),  whose  emission  spectra  were  recorded  with  high  spectral  resolution.  Least-squares 
spectral  fitting  analysis  of  the  observed  overtone  and  fundamental  spectra  gave  vibrational 
band  intensities,  whose  ratios  at  each  emitting  vibratkmal  levd  u*  yidded  the 
( Av  m  2)/(  Av  <■  1 )  Einstein  coefficient  ratios  fw  o’ «  2-13.  The  results  provide  comparisons 
to  previous  theoretical  and  experimental  data,  and  reflect  the  behavior  of  the  dipole  moment 
fhnction  fSor  NOfJIT ’n ).  The  measured  ratios  indicate  an  overtone  Einstein  coefficient 
,42^  a  0.94  ±  0.1 1  s~'  for  an  assumed  fundamental  valuer!  ,21  —  13.4s~'. 


LmmooucTioN 

The  nitric  oxide  mdecule  plays  key  roles  in  the  chemis- 
try  and  radiative  bdiavior  of  air-lMcattog  combustkm  sys¬ 
tems,  chemical  lasers,  discharge  plasmas,  and  the  earth’s  at¬ 
mosphere.  In  all  of  these  applications,  the  infrared 
vibrational  transition  probabilities  fbr  NO  are  important  for 
diagnostic  applications  and  investigatiotu  of  energy/radia- 
tion  transfer.  Owing  to  the  high  temperatures  and  noneqni- 
librium  conditions  in  which  NO  radiation  is  often  encoun¬ 
tered,  the  emitting  species  can  be  highly  internally  excited, 
requiring  knowledge  of  vibration-rotation  transition  ax>> 
ments  at  large  intemuclear  separations.  This  information  for 
NO  is  available  only  from  theory,  with  little  or  no  experi¬ 
mental  validation.  In  this  p^ier,  we  present  experimental 
data  for  the  branching  ratios  ^  fundamental  and  first  over- 
ttMie  emission  from  highly  vibrationally  excited  NO,  as  ob¬ 
served  in  a  cryogenic  chemilummescence  reactor.  These 
data  provide  insight  into  the  shape  of  the  dectric  dipole  mo¬ 
ment  function,  as  well  as  an  inffirect  determination  of  the 
absolute  (u'  =>  2)  —  («”  «  0)  overtoiw  transition  ^obabili- 

‘y- 

In  the  speciflcmion  of  absolute  emission  intensities  and 
spectral  dittributiooik  one  requites  the  vibrational  emisskm 
rates  (Einstein  cocfficienta.  ),  averaged  over  all  ther¬ 
mally  populated  rotational  levels,  for  aU  the  vibrational 
states  of  interest.  While  many  ground  state  absorption  mea¬ 
surements  have  determined  values  for  the  (v',v*)  « (1,0) 
and  (2,0)  transition  strengths,  the  scaling  of  with  v*  is 
only  partially  understood.  Previous  empirical  determina¬ 
tions'’’  of  the  dipole  moment  near  equiliMum  intemuclear 
separation  provided  limited  information  for  low  In  a  de¬ 
finitive  theoretical  treatment,  Billingsley’’*  performed  an  aB 
initio,  multiconfiguration  seif-consistent-field  (MCSCF) 
calculation  of  the  dipole  moment  function  of  NO(.3r’n), 
and  rigorously  evaluated  the  rotationally  dependent  and 


thermally  averaged  Pjnstein  coefficients  for  the  ftmdamen- 
tal  (Ava  1)  and  first  overtone  (Ao  ■■  2)  transitions  over  a 
largerangeoftf'andJ'fe’*  l-20rf' *  O.S-33.9 ).  The  over¬ 
lap  of  the  oh  initio  dipt^  moment  function  and  the 
NO(jir’n)  potential  is  illustrated  in  Fig.  1.  The  absolute 
values  and  relative  scalmgs  given  by  this  work  have  been 
widely  utilized;  hoarever  the  absolute  values  of >4^^  erenow 
known  to  be  erroneously  smalL’ 

In  the  only  previous  experimental  investigatwn  of  vibra¬ 
tional  dependence,  Oreen  era/.*  determined  *»«—**■■  coeffi¬ 
cient  branching  ratios  fbr  NO(v'  <■  2-9)  from  Ae  «  1  and 
Ae  «  2  fluorescence  spectra  in  dectron-bombarded  Ni/Oj 
mixtures.  These  measurements  confirmed  Billingsley’s*  pre¬ 
dicted  vibrational  scaling  of  the  branching  ratios  for  o' «« 3- 
7,  and  established  that  the  dipole  moment  ftmetion  of  Mi¬ 
chels'  was  incorrect  However,  the  experimental  data  leave 
consideiaUe  uncertainty  for  the  (2,0)/(2,l)  ratio,  and  are 
not  definitive  for  o'>8.  Neverthdess,  the  data  of  Oreen  «r 
u/.'  verify  the  sluqie  (second  derivative)  of  the  eh  initio  di¬ 
pole  moment  ftmetion  at  intermediate  nndear  separation. 
TbuB,areasonable^ptoaehforsdeetingvaluesof^,,^  bto 
apply  the  Billingsley*  vibrationd  sealings  to  abeolute  values 
and/or i4jA  determined  fiomcareftil  absorption  mea¬ 
surements.’’*’'*  This  approach  was  adopted  by  Rothman  «r 
a/.*toevduateabeorptionstrengthsfbrbothtiieftindunen- 
td  and  the  first  overtone;  the  resulting  absolute  vdues  were 
slightly  modified  by  Rawlins  cr  of."  fbr  the  andysis  of 
NO(Atf  a  1)  chemiluminescence  spectra. 

We  have  previously  reported"  detailed  laboratory  in¬ 
vestigations  of  the  vibrational  chemiluminescence  from  nas¬ 
cent  tiOioJ)  formed  by  reactions  of  metastable  atomic  ni¬ 
trogen  with  Oj.  as  orighially  observed  by  Kennedy  et  al.'^ 
In  the  recent  experiments,"  extensive  rotationd  and  vibra¬ 
tiond  excitation  was  observed  in  nitric  oxide  formed  under 
nearly  collisionless  conditions  by  the  reactions 
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no.  I.  M  bMa  dipola  Moment  fhactim  o/  Billwnriay  (Reft.  3  and  4) 
coaipaiad  to  poiMMial  curve  for  NOfJT  *n ). 


N(*Z»  +  O,  -NO(o)  +  0(  'A*«.  (Rl) 

N(»^  +  O,  ^NO(»^  +  0(  'S.'A*i*).  (R2) 

The  NO(v)  dittfflNitiiOiie  from  (Rl)  peek  near  v  «■  7,  and 
are  detectable  to  oa  14.  Rcactioa  (Rl)  ia  req^tooMble  for 
anronl  chemieadtetioo  of  NOCe),'**'*  and  (br  moat  of  the 
productkmofNOintheeaith’atlieniioaphere.'* 

Raactkm  (R2)  piodiioeaNO(v,/)  withaliifh  degree  of 
roiatkmaleicttatkHimeachofaeveral  (atleaatei^)vibra- 
tional  levda."  The  apectral  data  eihibit  diaiinrtive  R« 
branAbandheadi.wl^aigniiyanhatentielpopuiationaof 
mtarinnalataeea  in  the  range/ a  <0.5-120.5  (ie.,  >teVof 
rotationai  cnergjr).  Sindlar  band  heada  have  been  obaetved 
inhigh-ahitndeanrorBlapectiaefNOcmimion,**  inacating 
a  aigniicant  role  far  (R2)  and/or  afantlar  chemiegitatien 
prooeaaea  in  the  patticle4iondiatded  upper  atmoaphere. 

In  the  analyaia  of  apectral  diatribationa  far  the  high  vi¬ 
brational  and  rotational  atataa  poptdatad  bp  reacthma  (Rl) 
end  (R2),itianoeoaaH]rtop(obethedip(^aioaicntftinc> 
tion  over  a  mnek  hagar  ranga  of  die  NO  potentkd  aorfaoe 
than  haapreviondy  bean  aiamhiwlffpfrimenrany.  In  addi- 
tion,  it  ia  often  bapHtant  to  apeeiiy  the  overtone  apectral 
diattfantiaa  eomnponding  to  that  of  the  ftmdaineatal,  or 
vicevena.Tofheaeenda,neliaveuaedtheinftared^eniilo- 
mineaocaoe  approach,  previonaly  applied  to  detemnne  the 
naacent  product  diattibatiooa  fin  reactioiia  (Rl)  and  (R2), 
toaimnltaaeoualyobaerveArm  land  he  >■  2  spectral  diatri- 
butiooa  from  thoae  reactiona.  To  eHminate  compBcatiooa 
due  to  muldniodal  rotational  diatributiona  and  apectral  band 
overlaps  we  introduced  low  levda  of  hettum  bath  gaa  which 

enMMdMteiMiwewitnlinMlnnnlwigniMinligtitvilirniinMnlrta. 

aettvadon  of  the  initial  atate  diatiUMitioiia.  Thia  eflbet,  com¬ 
bined  with  the  ccyogenie  temperature  of  the  reectioo 

n— iti  T**!— miy  PrJtTwtnrin  . 

rotational  diatiiliotiona,  which  permitt^  accurate  determi- 
nationaofthe(AonB2)/(Av»  1)  branching  ratioa  over  the 


range  v'  »  2-12.  The  results  clarify  previous  determinatimu 
at  low  v',  and  indicate  significant  departure  from  Billings¬ 
ley’s*  scaling  at  high  v'. 

A  subsequent  p^wr*^  will  address  the  analysis  of  the 
branching  ratios  to  determine  an  empirical  dipde  moment 
functioo  for  NO  and  the  corresponding  Eiastetn  codfidents. 
We  describe  here  the  experimental  methods,  spectral  analy.- 
sis,  and  branching  ratio  results  as  compared  with  previous 
work. 

II.  EXPERIMENTAL  MEASUREMENTS 

The  experiments  ivere  performed  in  the  cryogenic  CO¬ 
CHISE  (cold  chemiluminescent  infrared  stimulation  exper- 
iment)  facility  at  the  Geophysics  Directorate.  The  dedgn 
and  operation  of  this  freility  are  described  in  detail  ebe- 
wbere;'*  the  measurement  conditions  were  essentially  the 

dgatioa."  In  brief,  tte  reaction  cell  and  surrounding  radia¬ 
tive  environment  are  cooled  to  approximatdy  13-20  K, 
whidi  dliminates  background  radiadon  and  provides  rapid 
cryopumping  of  the  reagent  gases.  The  infiived  detection 
system  cooaiataofa  cryogenic,  scanning  grating  monochro- 
mator  and  a  liquid-heiiuni-cooled  SitAs  detector,  fijcuaed  to 
infinity  along  the  axis  of  the  reaction  celL  Rcagmt  gases,  at 
80  K,  enter  the  cell  throng  a  series  of  fbnr  oppoamg  jets,  and 
mix  along  the  oeQ  axia  as  Ulustnted  in  Rg.  2.  In  the  present 
case,  nitrogen  metaatablea,  generated  by  microwave  die-  . 
cha^  of  flowing  Nj/Ar  (12%  Nj)  mixtures  near  1  Toir, 
enter  from  one  aide  of  the  odl  and  mix  along  the  centerline 
with  a maaebalanoed  oppoaing  flow  of  Oj.  This  results  ia  a 
rapid  chemical  reaction  producing  chemiexetted  HOivJ), 
which  radiates  in  infrared  bands  near  5.4  (Ae«  1)  and  2.7 
( Av  «  2)  fan.  The  diadiaigea  are  modulated  with  a  23  Hx 
square  wave,  and  the  fmiwion  from  the  reaction  zone  is  ob¬ 
served  via  phaee  erneirivedetectien. 

In othmappheationa of thia technique,**'**  thepreaam 
in  the  reaction  zone  is  typically  3-5  mTocr,  approaching 
sin^  etdhsion  conditiona.  For  1^  preaeat  experimeats,  he- 
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Uum  was  admitted  to  achieve  a  steady  sute  ( sutic )  pressure 
of  10  mTorr.  quenching  out  the  high-/  states.  Preliminary 
measurements  in  the  absence  of  He  gave  overtone  spectra 
which  were  difficult  to  analyze  unambiguously,  owing  to  the 
extensive  spectral  overlap  between  poorly  resolved  high-/ 
and  thermalized  routional  components  ^  adjacent  vibra¬ 
tional  bands.  The  addition  of  sm^  amounts  of  He  resulted 
in  significant  rotational  cooling,  and  a  pressure  of  10  mTorr 
was  sufficient  to  eliminate  the  highV  components.  This  is 
demonstrated  by  the  absence  of  /t-branch  tend  heads  in  the 
«  1  spectra,  and  by  the  conformity  of  the  routional  dis¬ 
tributions  to  a  single-temperature  Boltzmann  form  for  all 
vibratirmal  levels. 

Spectra  of  the  Avs  1  and  Av>i  2  emission  were  record¬ 
ed  sequentially,  as  matched  pairs,  using  order-sorting  inter¬ 
ference  filters  to  isolate  each  band.  A  total  of  four  matched 
pairs  were  recorded,  all  for  essentially  the  same  conditions  of 
pressure,  temperature,  flow  rates,  and  discharge  operation. 
All  spectra  were  obtained  at  a  resolution  of 0.0067  fim  (full 
width  at  half-maximum),  corresponding  to  approximately 
2.3  cm~ '  for  the  fundamental  band  and  9.2  cm~ '  for  the 
overtone  band.  The  uncertainty  in  the  observed  wavelengths 
is  ±  0.003  ftm  due  to  a  periodic  fiuctuation  in  the  mono¬ 
chromator  scan  rate  at  cryogenic  temperature. 

Before  and  after  the  spectral  measurements,  the  optical 
system  was  calibrated  for  absolute  and  relative  specti^  re¬ 
sponse  using  a  blackbody  radiation  source  imbedded  in  the 
minor  at  the  end  of  the  reaction  cdL  The  calibrationa  em¬ 
ployed  blackbody  temperatures  between  330  and  400  K, 
with  a  temperature  measurement  uncertainty  of  ±  3  K. 
This  results  in  a  systematic  uncertainty  of  ±  12%  in  the 
measured  (Av  ^  2)/(A0  »  1)  intensity  ratios. 

A  represenutive  spectral  pair  is  shown  in  Hg.  3,  with 
the  NO  transition  band  centers  labeled.  Note  the  logarith¬ 
mic  intensity  scale  illustrating  a  dynamic  range  of  approxi¬ 
mately  two  orders  of  magnitude.  The  NO(Av«  l)systemis 
clearly  resolved  up  to  v'  =  13,  with  no  apparent  interfering 
radiators.  However,  several  additional  features  appear  with 
the  NO(Ai;  as  2)  system.  The  (3,2)  and  (2,0)  bands  of  the 
N2()I'^A.— A  ^n,)  electronic  transition"  are  evident  near 
2.6  and  3.3  /rm,  respectively;  the  3.3  ftm  band  ultimately 
limits  the  range  of  v'  for  wUch  the  analysb  can  be  carried 
out  In  addition,  several  Rydberg  transitiotts  of  Ar  are  ob¬ 
servable  as  scattered  li^t  from  the  discharges."  In  particu¬ 
lar,  a  weak  Ar  line  near  2.69  ftm  partially  obscures  the 
NO(2-»0)  emission,  neceaaitating  a  factor  of  s;2downward 
correction  in  the  observed  intensity  of  this  band. 

III.  ANALYSIS  AND  RESULTS 

The  spectra  were  analyzed  using  a  linear  least-squares 
spectral  fitting  method  which  we  have  employed  extensively 
in  the  The  NO  line  positions  and  strengths 

were  calculated  with  the  spectroscopic  constants  given  in 
Rawliru  et  al.'*  (as  modi^  slightly  from  those  of  Gold- 
num  and  Schmidt^* )  using  the  assumption  of  Honl-London 
scaling  of  the  rotational  line  strengths."  From  the  predic¬ 
tions  of  Billingsley,*'*  the  Hdnl-London  assumption  should 
be  accurate  for  the  low-/  levels  sampled  in  these  measure- 


WadugSi  (|im> 


FIO.  3.  Okwfvcd  ftoadaiMatal  and  omtomcaiMian  tpectn.  Bwd  ccnten 
of  the  iadividual  vibratwnai  inmitiow  an  indicaiad 


ments.  In  particular,  spin-uncoupliag  and  vibration-rota¬ 
tion  interactions  will  not  impact  the  analysis  of  the  data. 
Matching  of  the  observed  rotational  envelopes  to  the  com¬ 
puted  spectra  gives  a  uniform  rotational  temperature  of  60 
K,  signifying  that  the  presence  of  He  causes  significant  ther¬ 
mal  coupling  between  the  80  K  reagent  gases  and  the  20  K 
reactor  wall.  At  60  K,  the  third  rotational  level  carries  the 
maximum  populatkm,  and  99%  <^the  population  lies  in  the 
lowest  ten  rotational  levels.  Examples  Of  the  computed  spec¬ 
tral  fits  ate  shown  in  Figs.  4  and  3. 

The  least-squares  solutions  to  the  spectral  fitting  proce¬ 
dure  ate  the  integrated  intensities  for  each  viteational  transi¬ 
tion,  [NO(v')  as  plotted  in  Fig.  6  for  a  matched  pair 
of  overtoiw  and  fiiindamental  spectra.  By  taking  ratios  of 
these  values  at  each  o'  for  a  given  spectral  pair,  we  determine 
the  Einstein  coeflicient  ratios  A^,  _  ^/A^. ,  which  rep¬ 
resent  the  branching  ratios  between  Atf »  2  and  Av  s  1  tran¬ 
sitions.  T%e  observed  Einstein  coeffidents  are  thermally 
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FIO.  4.  Oau  (lifhi  line,  shown  with  bcM  At 
and  separately  above)  and  least-squares  At 
(dark  line)  to  NO(Ae  »  I )  emission  spec¬ 
trum.  Rotatkwal  temperature  and  spectral 
tcsolution  ate  60  K  and  0.0067  ftm.  The 
standard  deviation  of  the  spec^  At  is 
0.04S. 


S4  «.0 

Waui>angAt<H«tA 


avenfed  at  60  K- However,  siaoe  HfiaMLoadoa  Acaling  ^ 
pliei  (no  spin  nocottpUng),  these  Einaisin  coeflkaents  ate 
equivalent  to  the  rotationless  Etnatcin  coeftcienta  of  the 
molecule;  and  ate  independent  of  temperatute  to  at  least  600 
K  as  shown  hy  BUUnfiiey.*  The  observed  ratios  fisr  all  the 


data,  and  average  values  for  each  o',  ate  tabulated  in  Table  I. 
The  unoertainlies  given  in  Table  I  are  statistical  etrofs  deter¬ 
mined  for  the  fittiiig  and  averaging  procedures,  and  do  not 
incorporate  the  S3fsiematic  uncertainty  of  the  relative  re¬ 
sponse  calibration. 


FIO.  S.  D«n  (11^  linn  shown  wkh  the  best  At  uad  scpunmir  •Sow)  and 
leeetequ*rH  fc(d«rkline)toNO(Ae»2)emwiionipw:tniin.Romion«i . 
tewpetmutt  and  spectral  resaiution  an  60  K  and  0.0067  ;im.  The  shsbt 
miimetrheA  near  2.9  and  3. 1  /mo  result  from  nonliaearity  in  the  cryofmie 
iratiagdfiyn.  The  standard  deviation  of  the  spectral  At  is  0.  IS. 


Upper  Vkcatfonal  Level  (V) 


FIO.  6.  Vibrational  bend  intensities  determiaed  from  e  least-squares  At  of 
fumCimcntal  and  ovenone  spectra.  Error  bars  denote  i;  la  standard  devi¬ 
ation. 
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TABLE  I.  EspariaMaial  (Atim  2)/(Avs  1)  bnnchiiig  ratio*. 


*• 

Weighted 
average  (  ±  Iff) 

2 

a04l  1 0.017 

0.031  ±0026 

0.036  ±0011 

0.036  ±  0016 

0.037  ±0.001 

i 

0.060  ±0.011 

0.084  ±  0016 

0.086  ±0.009 

0.096  ±0.020 

0.078  ±  0.007 

4 

0.096  ±0.007 

0.107  ±0008 
0107±0.0(» 

0.096  ±0.010 

0.103  ±0.003 

3 

0.131  ±0.006 

0.120  ±0006 

0.132  ±0.005 

0131  ±0.009 

0.136  ±0.008 

6 

0.132  ±0.006 

0146  ±0.006 
0l72±0004 

0.147  ±0.006 

0.138  ±0.007 

7 

0193  ±0.008 

0.213  ±0010 

0.221  ±0007 

0163  ±0010 

0.202  ±  0.012 

S 

0.202  ±0.011 

0.213  ±0.013 

0.247  ±  0.012 

0.180  ±0016 

0.214  ±0.014 

9 

0293  ±0.034 

0.331  ±0.042 

0.339  ±0.031 

0.263  ±0.036 

0.313  ±0.022 

10 

0289  ±0.066 

0.238  ±0063 

0.378  ±0.074 

0.263  ±0.073 

0.293  ±0.027 

11 

0380  ±0234 

0319  ±0197 

0.439  ±0.222 

0.423  ±0.263 

0.384  ±0.029 

12 

0.387  ±0.337 

0313  ±0333 

0.279  ±0204 

0223  ±0267 

0.286  ±0.030 

13 

0372  ±0.732 

0.298  ±1.001 

0.318  ±0.343 

0.082  ±0406 

0.262  ±0.088 

IV.  DISCUSSION 

A.  ComfMMrtaotw  to  praviouB  data 

The  equations  relating  Einstein  emission  coefficients  to 
the  dipole  moment  function  are  discussed  in  detail  by  Bit* 
lingsl^.*  The  band  Einstein  coefficients  represent 
thermal  averages,  for  a  given  rotational  temperature,  of  the 
individual  state-specific  Einstein  coefficients  for  a  given  vi¬ 
brational  transition.  These  state-specific  Einstein  coeffi¬ 
cients  are  proportional  to  the  square  of  the  dipole  moment 
integral  connecting  the  two  states. 


where  (r)  and  t^'(.r)  are  the  wave  functions  of  the  upper 
and  lower  states  andju(r)  is  the  dipole  moment  as  a  function 
of  intemuclear  distance  r.  For  an  electricaliy  harmonic  sys¬ 
tem,  where  |i(r)  is  linear,  the  magmiudes  of  the  Av  ^  1  tran¬ 
sition  probabilities  are  determmed  from  the  first  derivative 
of  the  dipole  moment  function,  while  those  for  the  overtone 
transitions  are  detomined  solely  by  the  mechanical  anhar- 
monknty  of  the  system,  i.e.,  the  nonorthogonality  of  the 
wave  functions  and  d*-  As  the  dipole  moment  function 
acquires  curvature,  increases  in  the  second  and  third  deriva¬ 
tives  strongly  increase  the  overtone  transition  probabilities. 
In  the  case  of  OH(Jir^n),  the  dipole  moment  function  is 
strongly  curved  near  equilibrium  intemuclear  separation, 
and  as  a  result  the  Ai;  2  Einstein  coe^ents  exceed  those 
for  Av  »  1  at  unusually  low 

For  NO(.Y^n),  the  dipole  moment  function  is  small 
and  only  mildly  curved  near  equilibrium  separation.^'^  Thus 
we  expect  the  Av  »  1  Einstein  coefficients  to  be  primarily 
sensitive  to  the  slope  of  and  fiurly  insensitive  to  its 
shape.  The  scaling  of  ,  with  v'shtwld  be  cloae  to  har¬ 

monic  (i.e.,  ixu')  near  tte  bottom  of  the  potential  wdL  and 
will  tail  off  at  higher  »'  due  to  the  increasing  effects  of  me¬ 
chanical  anharmonkity  in  the  wave  functions.  In  addition, 
increasiiig  curvature  in/i(r)  at  larger  will  affect  the  Ava  1 
values  at  some  high  (but  unknown)  v'.  In  contrast,  even 
modest  curvature  in/ii(r)  will  profoundly  affect  the  absolute 
values  and  ir'  scaling  of  the  Av  a  2  Einstein  coeflkients. 
ThusthemeasurementoffAva  2)/(A9a  1 )  branching  ra¬ 
tios  over  a  wide  range  of  o' provides  informatioa  on  the  cur¬ 
vature  of  the  dipole  movement  function  over  a  large  range  of 
r. 

The  average  (Ava2)/(Ava  1)  ratios  are  plotted  in 
Fig.  7,  together  with  previously  measured  and  predicted  val¬ 
ues.  The  agreement  with  Green  et  al.'  is  excdlent  over  the 
range  4<v'<7,  where  their  data  have  reasonable  precision. 
The  COCHISE  measured  values  deviate  significantly  from 
the  Billingsley  scaling  at  both  low  and  high  if,  and  indicate 
the  presence  of  a  broad  maximum  near  u' »  1 1.  The  exis¬ 
tence  of  such  a  maximum  could  have  significant  implica- 
tioiu  for  the  shape  of  the  dipole  moment  function  m  large 
intemuclear  separation  and  for  the  bdwvior  of  .4,.^  at  high 
v'  and/or  Unfoituiately,  due  to  the  limited  precision 
(low  signal/noise)  of  our  spectra  in  this  regioii,  we  cannot 
obtain  sufficiently  accurate  v'  «  13  data  to  define  the  appar¬ 
ent  downturn  in  the  ratios  for  if  >  12.  Nevertheless,  the  data 
clearly  show  significant  deviations  fnnn  the  shape  of  the  ab 
ihf  rib  dipole  moment  function  for  both  equilibrium  and  large 
intemuclear  separations. 

The  ratio  values  in  Table  I  are  appropriate  for  rotational 
temperatures  below  zz  1(X)  K,  and  are  probably  reliable  for 
temperatures  up  to  at  least  300  K.  Billingsley’-*  found  that 
the  individual  line  strengths  departed  only  slightly  from 
Honl-London  scaling,  and  as  a  result  the  thermally  aver¬ 
aged  Einstein  coefficients  were  virtually  independent  of  tem¬ 
perature  up  to  600  K.  The  extension  of  these  values  to  higher 
y*  and  temperature  requires  further  investigation.  At  some 
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no.  7.  CowpMiwwcf  iipiriwwtaibwachwtiatiw  w  (a)  pteviommw- 
swwnwOTMKKb)  rnriMim  ftimi  ihuiuhii  ftmctioiti.  SoMcnda; 

wcifhMd««cfafn  Am TAMtI.  with  error  bus  agniiyiiig  ±  l^Kaadaid 
<kvwtM»  <h»  the  a«M  0|»  dicta  data  Ihm  Onn  «r  a/.. 

Ref.  L  SoM  eime:  BMhviejr.  IU£  «.  Deihed  curve;  Owndraieh  and  Cbo, 
Refc  2  (celculeted  m  Ref.  B).  Dotted  curve  Mfehetfc  Ref.  1  (cekuieted  in 
Ref.  6). 


temperature,  will  become  sensitive  to  rotatioiialdistri* 
bution,unoetlitt  scaling  of /!(/')  diverges  from  Honl-Lon' 
don  as  y '  increases.*  It  is  possible  that  the  high^  distribu¬ 
tions  resultiag  in  Jl-branch  band  heads"  are  significantly 
affected,  since  the  effects  of  spin-uncoupling  and  vibration- 
rotation  interactions  may  be  substantial,  and  further  since 


these  states  sample  the  extremes  of  intemuclear  separation 
where  curvature  in  the  dipole  moment  function  is  more  pro¬ 
nounced.  Further  analysis  of  the  COCHISE  dau  to  infer  an 
empirical  dipole  moment  function,  examine  high-y  effects, 
and  compute  ( T)  will  be  reported  elsewhere." 

B.  AbBOluMElnfincoolllciutKil,^ 

Most  of  the  experimental  data  base  on  NO(i>)  transition 
probabilities  comes  from  absorption  measurements  on  the 
(1,0)  and  (2,0)  transitions.  A  list  of  previou^y  published 
experimental  and  theoretical  values  for  the  absmption 
strengths  atul  Einstein  coefBcients  for  these  transitions  is 
given  in  Table  II.  The  measurements  for  the  (1,0)  transition 
fall  into  three  groups:  those  with  s  13-14  s~ those 
with  12-13,  and  a  few  early  measurements  of  7-8.  The  work 
of  HoUand  et  together  with  the  extrapolated  line-by¬ 
line  data  tff  Mandin  er  a/.*  as  reported  by  Rothman  er  n/.,^ 
give  consistent  values  (ff  ,4  of  13.6and  13.3s~ respective¬ 
ly.  A  discussion  comparing  these  values  to  previous  mea¬ 
surements  can  be  found  in  Holland  era/. In  brief,  the  high 
spectral  resolutioa  and  higher  measurement  precisitm  oS 
Reft.  9  and  10  indicate  a  significant  discrepancy  with  the 
previous  lower  values,  and  strongly  support  a  vidue  for  d ,  q 
between  13  and  14s~ '.  Indeed.  Rothmim era/.*  invoked  the 
extrapdated line-by-line datt of Mandin er o/.*  intheircom- 

piletimt  nf  atmneplxjrie  ltiM»ah«n>prin«  We  hxve 

adopted  the  value >  13.4  s~'  at  300  K.  This  value  is 
further  supported  by  recent  shock  tube  measuremena  of 
spectrally  resolved  NO(  Av  1)  emissioo  between  800  and 
2300  K.  which  pvtA,ja  m  13.2  s'  ‘  (  ±  10%)." 

The  (2,0)  tnnsitioa  probability  is  less  well  determined. 
Experimental  values  range  Gnom  0.8  to  1.1  s~'.  The  most 
catidU  measurements  are  those  of  Chandraiah  and  Cho,* 
whose  empirical  dipole  moment  funetkm  provides  good 
agreement  with  the  COCHISE  branching  ratios  at  low  if 
(see  Fig.  7).  We  notev  however,  that  their  result  for  the  ( 1,0) 
band  appears  to  be  about  10-12%  km. 

The  COCHISE  data  give  an  accurate  value  of  2.1 

( ±2o’»7.9%,c£TableI),whidicanbeusedtodetennine 
Ajja  with  good  predsioa.  Billingsley*  gives  the  ratio 
a*  1.90, 1.89,and  1.92forthedip(fiemomentfunc- 
tioasofRefk.4, 2,and  1,  respectively.  Since  the  dipole  mo¬ 
ment  function  is  nearly  linear  near  equilibrium  intemudear 
separation,  this  particular  ratio  is  dominated  by  the  mechan- 
ical  anharmonicity  of  NO  (Le.,  the  radial  wave  fonctkms  for 
V  a  (X  1,  2),  and  is  relatively  independent  of  the  details  of 
slope  and  shape  of  the  dipole  moment  function.  Thus  the 
d2.|/d|j)  ratio  is  s  1.9  for  three  very  different  dipole  mo¬ 
ment  fonctions,  and  is  probably  quite  accurate.  We  can  (hen 
determine  from  the  experimental  data  the  ratio 
Ajja/Aijo  »  0.070,  which  is  identical  to  that  determined  by 
Chandraiah  and  Cho^  and  about  1.6  times  that  computed  by 
Billingsley.*  {In  comparison,  the  experimental  value  ftM-  this 
ratio  is  2.4  times  lar^  than  for  the  electrically  harmonic 
[linear /i(r)  ]  case.}  Application  of  our  recommended  value 
for  d,,o  gives  the  determination 

,t,„=0.94±0.il  s-', 

where  the  indicated  error  is  the  systematic  uncertainty  in  the 
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TABLE  U.  Abtorpiioa  cocflcicnis  and  Einucm  coeOciciiu  for  54* «  I  and  2  transitions  of  NO. 


ffO-l) 

4(1-0) 

4(2-0) 

Ittvesttfator 

Citation 

cm  ' '  Ama '  ‘ 

cm  ■  ‘  Ama  ■ ' 

s' 

s-' 

Havens  ( 1938) 

PIi.D.  Dtaertaiioa.  U.  of 
Wisoonsan 

121 

12.0 

Dinsmoes  and  Crawford 

U.  of  Minneaott  Report 

143  ±  29 

14.3  ±  2.9 

(1949) 

No.  NR,ai9-104 

Dinsmate  ( 1949) 

Ph.O.  thesis.  U.  of 

Minnesota 

2.57  ±0.31 

1.0  ±0.2 

Penner  and  Weber  ( 1933) 

J.  Chem.  Phys.  21.  649 

70±7 

2.3  ±  0.6 

6.9  ±0.7 

0.9  ±  0.2 

Vinccnt-<jciaae(l9S4) 

(2ompt.  Rend.  239,  231 

82 

8.1 

Breeiic()938) 

J.  Chem.  Phys.  26. 11; 

29.312 

70 

2.7 

6.9 

1.1 

Schutin  and  Clough  ( 1963) 

J.  Chem.  Phys.  36. 1833 

111  ±7 

11.0  ±0.7 

Breexe  and  Fentso  ( 1964) 

i.  Chem.  Phys.  41. 3420 

76  ±7 

2.8  ±0.5 

7.3  ±0.7 

1.1  ±0.2 

James  (1964) 

J.  Chem.  Phys.  40.  762 

138  ±6 

13.6  ±0.6 

Fukuda(1963) 

J.  Chem.  Phys.  42,  321 

74±4 

7.3  ±0.4 

Ford  and  Shaw  ( 1963) 

Appi.Opt.4, 1113 

113±9 

11.4  ±0.9 

Alamichel  ( 1966) 

J.  Phys.  (Paris)  27.  343 

132  ±3 

13.0  +  0.3 

Schoria  and  Ellis  ( 1966) 

J.  Chem.  Phys.  48. 2328 

2.11  ±0.1 

0.82  ±  0.04 

Varanasi  and  Fenner 

J.  <}uant.  Spectroac. 

128  ±  10 

12.6  ±  1.0 

(1967) 

Radiat.  Transfer  7,  279 

Oppenheim  eraf.  ( 1967) 

Appi.OpL6, 1303 

123  ±8 

12.4  ±0.8 

Feinberg  and  Camac 

J.  Quant  Spectraec 

124  ±22 

12.3  ±2.2 

(1967) 

Radiat  Transfer  7. 381 

Green  and  Hen  ( 1970) 

J.  Quant  Spectroac. 

Radiat  Transfer  10, 803 

123 

12.4 

Michels(197n 

Ref.  1 

134±2 

2.0  ±0.6 

13.2  ±0.2 

0.78  ±0.23 

King  and  Crawford  ( 1972) 

J.  Quant  Spectroac. 

Radiat  Transfer  12, 443 

133  ±3 

13.3  ±0.3 

Chandraiah  and  Cho  ( 1973) 

Ref.  2 

121  ±6 

2.17  ±0.11 

12.0  ±0.6 

0.84  ±0.04 

Ganade eraf.  (1976) 

AppL  Opt.  16. 398 

124  ±9 

12.3  ±0.9 

Billiagdey(1976) 

Ref.  6 

113.3 

1.31 

10.78 

0.46 

Koaimari  eraf,  (1977) 

J.  <)uant  Spectroac. 

Radiat  Transfer  19, 127 

122±6 

12.1  ±0.6 

Maadia  era/.  (1980) 

Ref.  7, 9 

134.4 

13.3 

Holland  era/.  (1980) 

Ref.  10 

137.3  ±4.6 

13.6  ±0.3 

Upper  Vibntionai  Laval  (v^ 


FIO.  8.  Relative  scalinf  of  Av  »  1  Einstein  coefficients  with  if.  Solid  curve. 
Biliinpley,  Ref.  6.  Dashed  curve;  Chandraiah  and  Cho.  Ref.  2  (calculated 
in  Ref.  6).  Dotted  curve:  Michels,  Ref.  1  (calculated  in  Ref.  6).  Dash/dot 
curve  computed  for  a  linear  dipole  moment  function. 
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relative  response  calibration.  This  value  is  12%  higher  than 
(but  within  experimental  uncertainty  oO  that  measured  by 
Chandraiah  and  Cho,^  and  is  a  factor  of  2  larger  than  pre¬ 
dicted  from  the  dipole  moment  function  of  Billingsley.*  The 
relatively  large  value  for  indicates  that  the  dipole  mo¬ 
ment  function  has  more  curvature  near  equilibrium  intemu- 
clear  separation  than  was  predicted  from  the  ad  initio  theory. 

Potentially,  the  assumption  of  Billingsley  scaling  of 
can  be  used  with  the  COCHISE  dau  to  infer 
A^.  2  values  to  higher  o';  however,  this  procedure  will 

have  increasing  uncertainty  at  higher  o'  as  curvature  in  the 
dipole  moment  function  plays  more  of  a  role  in  the  if  depend¬ 
ence  of  A^,  ^,  _ , .  To  evaluate  the  validity  of  this  procedure, 
we  examine  the  predicted  A^.  ^,  _ ,  scalings  as  shown  in  Fig. 
8.  Predictions  for  the  dipole  moment  functions  of  Refs.  1, 2, 
and  4  were  taken  from  Ref.  6.  In  addition,  we  have  plotted 
the  predicted  scaling  for  a  linear  dipole  moment  function  as 
computed  using  Rice-Ramsperger-Kassel  (RKR)  wave 
functions  for  NO(.^*n).  (While  the  absolute  values  of 
Ay  y  _ ,  depend  on  the  assumed  slope  of the  relative 
values  Ay  y  _  ^  /i4,,o  do  not. )  It  is  clear  from  Fig.  7  that  the 
relativei4  factors  for  the  fundamental  band  are  fairly  insensi¬ 
tive  to  modest  variations  in  p(r)  curvature  for  o' <4.  Fur¬ 
thermore,  the  close  agreement  between  our  Ajja/Atjo  ratio 
and  that  of  Chandraiah  and  Cho,^  together  with  the  similar¬ 
ity  in  o'  scaling  of  the  A  factors  for  Au  =>  I  computed  by 
Billingsley*  from  the  ab  initio*  and  empirical^  dipole  mo¬ 
ment  functions,  suggest  that  the  Billingsley  scaling  is  indeed 
reliable,  at  least  up  to  o'  =>  6. 

With  the  caveat  that  curvature  in  ft(r)  at  large  r  can 
affect  thei4,, ,,  _ ,  /i4,.o  scaling  at  high  o,  we  tentatively  con¬ 
clude  that  Billin^ey  scaling  is  a  good  approximation  for  the 
fundamental  band,  with  an  uncertainty  increasing  with  o’  to 
perhaps  ±20%nearo'  =*  12.  (However,  we  note  that  there 
is  no  firm  basis  for  extending  this  scaling  to  higher  o',  say 
o' =  20.)  Accordingly,  we  have  applied  this  scaling  of 
Ay  y  _ ,  to  estimate  values  for  Ay  y  _  ^  using  a  quartic  least- 
squares  fit  to  the  branching  ratio  data  of  Table  I.  The  results 
are  listed  in  T^le  III.  Given  the  combined  uncertainties  in 


the  branching  ratio  measurements  and  the  Ay  y  scaling, 
we  conservatively  estimate  uncertainties  in  Ay  y  ^  ranging 
from  ±  12%  for  o'  =  2  to  ±  40%  for  o'  =  13. 

V.  SUMMARY  AND  CONCLUSIONS 

We  have  used  the  infrared  chemiluminescence  tech¬ 
nique,  in  a  cryogenic  reaction  vessel,  to  measure  the  oves- 
tone/fundamental  branching  ratios  for  vibrational  emission 
from  NO(A'^n.o).  A  combination  of  low  rotational  tem¬ 
perature  and  high  spectral  resolution  eliminated  complicf- 
tions  of  non-Boltzmaim  rotational  distributions,  and  mini¬ 
mized  spectral  overlap  between  adjacent  bands.  The  spectral 
resolution  also  reduced  complications  in  the  analysis  due  to 
interference  from  other  ranting  species.  The  measure¬ 
ments  cover  ranges  of  2-13  in  o'  and  0-12  in  o’,  and  extend 
the  previous  experimental  data  base  to  both  lower  and  high¬ 
er  vibrational  levels.  The  agreement  with  predictions  from  a 
previous  ab  initio  calculation  is  generally  favorable,  but  de¬ 
tailed  comparison  indicates  significant  differences  in  slope 
and  curvature  of  the  dipole  moment  function  at  equilibrium 
and  large  intemuclear  separations.  These  differences  will  af¬ 
fect  the  magnitudes  and  if  scaling  of  the  Au  =  1  and  Au  =  2 
Einstein  coefficients,  the  more  significant  effect  b^g  on  the 
overtone  transitions.  An  experimental  value  derived  for  Aj^o 
agrees  with  previous  determinations  and  shows  the  theoreti¬ 
cal  value  to  be  a  factor  of  2  too  low.  Further  details  (ff  these 
effects,  as  well  as  the  scaling  of  transition  strengths  for  high 
vibrational  and  rotational  excitation,  must  be  addressed 
through  derivation  of  an  empirical  dipole  moment  function. 
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TABLEIII.  EiimaaeeMkimttforNO(A«a2)  tranitiaas. 
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CX3CHISE 

II 
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0.46 
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2.74 
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4.8 
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13.0 
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16.6 
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20.2 

13.68 

10 

23.9 
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26.3 
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31.88 

J.  Cham.  Phyt„  Vol. 


' H.  H.  Micbda  J.  Qiiaot  Spaetrac.  RadiaL  Tramfcr  IL  I73S  ( 1971). 
>0.  Chandraiah  aadCW.Chal.  MoLSpeetrote.  47,  134(1973). 

’  F.  P.  Bilfiii|day  IL  J.  Chon.  Phya.  <2, 8M  ( 1973). 

*F.  P.  BiBinpIcy  n,  J.  Chan.  Phya.  C3, 2267  (1973). 

’  F.  P.  Billinsilty  IL  AFCRL-TR-734)386,  Air  Foice  OcophytiGa  Labora- 
ury.  Hanacora  AFB,  MA0173).  13  Nov  1973. 

*F.  P.  BiOiiipley  IL  J.  Mol.  Spectroae.  6L  33  (1976). 

^  L.  S.  Rothman,  A.  OoMman,  J.  R.  OiUia,  R.  R.  Gamache,  H.  M.  Piclett. 
R.  L.  Poymer,  N.  Huaaon,  and  A.  Chedin,  AppL  Opt.  22. 1616  ( 1983). 
'B.  D.  Oreoi.  G.  E  Caledonia,  and  E  E  Murphy,  J.  (}uant.  Spectroae. 
Radial.  Tranafer  26, 213  ( 1981 ). 

*).  Y.  Mandin.  C.  Amiot.  and  G.  Guelachvili,  Ann.  Phya.  (Paria)  $,  91 
(1980). 

"*R.  F.  Holland.  M.  C.  Vaaquez.  W.  H.  Beattie,  and  R.  S.  McDowelL  J. 

(}uani.  Spectroae.  Radial.  Transfer  29, 433  ( 1983). 

"  W.  T.  Rawlins.  M.  E  Fraser,  and  S.  M.  Miller.  J.  Phys.  Chem.  93,  1097 
(1989). 

J.  P.  Kennealy,  F.  P.  Del  Greco.  G.  E  Caledonia,  and  B.  D.  Green.  J. 
Chem.  Phys.  69. 1374(1978). 

G.  E  Caledonia  and  J.  P.  Kennealy,  Plana.  Space  Sci.  30, 1043  (1982). 


I.  No.  10.  IS  May  1992 


Rawlins  »t  a/. ;  N0(  i^)  mfrarad  brancftmg  ratios  7563 


'*W.  T.  Rswlint,  G.  E.  Caledoftia.  J.  J.  Gibson,  and  A.  T.  Stair.  Jr.  J. 
Geophys.  Res.  U.  1313  (1981). 

”  D.  E  Siskind.  C  A.  Baith.  and  R.  G.  Roble,  J.  Geophys.  Res.  H  16883 
(1989). 

R.  H.  Picard.  J.  R.  Winick.  R.  O.  Shaima.  A.  S.  Zachor.  P.  J.  Espy,  and  C. 
R.  Harris,  Adv.  Space  Res.  7, 23  ( 1987). 

”  W.  T.  Rawlins,  J.  C.  Person.  M.  E  Fraser,  and  W.  A.  M.  Blumberi,  I. 
Chem.  Phys.  (submitted). 

"W.  T.  Rawlins,  H.  C.  Murphy,  G.  E.  Caledonia,  J.  P.  Kennealy,  F.  X. 
Robert.  A.  Corman.  and  R.  A.  Armstrong,  Appl.  Opt.  23.  3316  ( 1984). 
M.  E  Fraser.  W.  T.  Rawlins,  and  S.  M.  Miller.  J.  Chem.  Phys.  9Z  1 738 
(1990). 

“  W.  T.  Rawlins  and  R.  A.  Armstrong,  J.  Chem.  Phys.  87.  3202  ( 1987). 

'  W.  T.  Rawlins,  G.  E  Caledonia,  and  R.  A.  Armstrong,  J.  Chem.  Phys.  87, 
3209(1987). 

,M.  E  Fraser,  W.  T.  Rawlins,  and  S.  M.  Miller,  J.  Chem.  Phys.  88.  338 
(1988). 


'*W.  T.  Rawlins.  A.  Gelb,  and  R.  A.  Armstrong,  J.  Chem.  Phys.  82,  681 
(1983). 

A  Goldman  and  S.  C.  Schmidt.  J.  ()uant.  Spectrosc.  Radiat.  Transfer  15, 
127(1973). 

”G.  Herzberg,  Moltcular  Spteiru  and  MoUcuUtr  Strueturr.  1.  Spettra  of 
Diatomic MoUcuits  (Van  Nostrand.  Toronto,  1930). 

‘*S.  R.  Langboff,  H.  J.  Werner,  and  P  Rasmus.  J.  Mol.  Spectrosc.  US.  307 
(1986). 

D.  N.  Turnbull  and  R.  P.  Lowe,  J.  Chem.  Phys.  89, 2763  ( 1988). 

'*  D.  O.  Nelson,  Jr.  A.  Schifflnan,  D.  J.  Nesbitt,  and  D.  J.  Yaron,  J.  Chem. 
Phys.  90,  3443  ( 1989). 

”D.  D.  Nelson,  A.  Scbiffman.  and  D.  J.  Nesbitt,  J.  Chem.  Phys.  90,  3433 
(1989). 

'"D.  D.  Nelson.  Jr.,  A.  Schillman.  and  D.  J.  Nesbitt,  J.  Chem.  Phys.  93, 
7003(1990). 

”  W.  T.  Rawlins,  R.  R.  Foutter,  and  T.  E  Parker  (in  p.eparation). 


33 


J.  Chem.  Phys..  Voi.  90,  No.  10. 15  May  1992 


34 


APPENDIX  B 


The  Dipole  Moment  and  Infrared  Transition  Strengths  of  Nitric  Oxide 

W.T.  Rawlins 
J.C.  Person 
K.W.  Holtzclaw 
M.E.  Fraser 


(Quarterly  No.  17  reproduced  in  its  entirety) 


35 


PSMO 


THE  DIPOLE  MOMENT  AND  INFRARED  TRANSITION 
STRENGTHS  OF  NITRIC  OXIDE 


Quarterly  Status  Report  No.  17 
For  the  Period 

1  September  to  30  November  1992 


Under  Air  Force  Contract  No.  F19628-88-C-0173 


Prepared  by: 

W.T.  Rawlins,  J.C.  Person,  K.W.  Holtzclaw,  and  M.E.  Fraser 


Sponstmd  by: 


Air  Force  Geoidiysics  Laboratory 
Air  Force  Systons  Command 
U.S.  Air  Force 

Kusoom  Air  Force  Base,  MA  01731 


January  1993 


Nitiic  oxide  is  an  important  source  of  infrared  radiation  in  the  thermosphere.  During 
aunnal  deposititNis  or  other  energetic  particle  bombardments,  nitric  oxide  is  produced  with 
copious  excess  internal  oiergy,  resulting  in  non-thermal  population  of  a  wide  range  of 
vibrational  and  rotatitmal  states.  The  corresponding  infrared  fluorescence  spectra  extend 
from  S  to  9  Min  in  the  fundamental  band  (Av«l),  and  from  2.5  to  nearly  4  in  the  first 
overtone  band.  Reliable  prediction  and  analysis  of  the  excited  state  radiant  intensities  and 
spectral  distributions  requires  accurate  values  for  the  infrared  transition  strengths  (Einstein  A 
coefficients)  as  functions  of  initial  and  final  vibrational  and  rotational  state.  Using  recoitly 
published  overtone/fundamental  branching  ratio  measurements,  we  have  applied  a  non-linear 
least  squares  fitting  technique  to  determine  an  empirical  electric  dipole  moment  function  for 
NO(X^n)  over  the  range  1.7  to  3.0  bohr  in  intemuclear  distance.  We  then  used  this  dipole 
momoit  function  to  compute  state-to-state  Einstein  coefficients,  taking  into  account  the 
effects  of  q>in  uncoufding  and  vibration-rotatiim  interaction  for  high  rotational  energies.  We 
discuss  the  results  of  these  calculaticMis,  and  their  implications  for  the  modeling  and  analysis 
of  rovibrationally  excited  NO(v,J)  fluorescence  in  the  electron-irradiated  upper  atmo^ere. 
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KEYS  FOR  THERMOSPHERIC  NO(v,  J)  ANALYSIS 


Uncertainties  at  high  v 


POTENTIAL  ENERGY  (electron  volts) 


NO(X^n)  DIPOLE 
MOMENT  FUNCTION 

BILLINGSLEY  THEORY.  1975 


0.8 


0.6 


0.4 

0.2 


0.0 


0.2 

0.4 

0.6 

0.8 


A-6222 


1-1241 


•  High  V,  high  J  sample  large  and  small  r 

•  A(Avss1 )  oc  1  St  derivative  (slope) 

•  A(Ava2)  oc  2nd  derivative  (curvature) 
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DIPOLE  MOMENT  (debyes) 


COCHISE  SPECTRA  OF  NO(V,  J)  FLUORESCENCE 
N(*D,  *P)  +  O2  NO  (V,  J)  +  O 


ROTATIONALLY  THERMALIZED 
NO(v)  SPECTRA  (10  mtorr  He) 


DETERMINATION  OF  ^(r) 


Compute  rotationless  A-factors 


OVERTONeFUNDAMENTAL 
BRANCHING  RATIOS 
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DIPOLE  MOMENT  FUNCTION 


A>f*v".  s* 


EINSTEIN  COEFFICIENTS  FOR 

NO  (X2n) 


FACTORS  AFFECTING  A(J)  SCALING 


Rotational  Level  (N'j^ 


Level 


iTATIONAL  INTENSITY  SCALING 
nos  RELATIVE  TO  HONL-LONDON 
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Rotational  Level  (N*) 


CONCLUSIONS 


Require  more  data  to  e^'aluate  scaling  to  high  v(v  =  1 3  to  26) 
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N^O  PRODUCTION  MECHANISH  FROM  THE  INTERACTION 
OF  DISCHARGE-EXCITED  SPECIES 

Hark  E.  Fcasar,  Thonas  R.  Tuckar,  Lawcenca  G.  Ptpar, 
and  Wilson  T.  Rawlins 

Physical  Sciencas  Inc.,  Andovar,  Massachusacct 


Absgraec.  Wa  have  axaminad  Che  Incar- 
accion  of  discharge  eCfluancs  co  undacscand 
cha  foraacion  aachanisia  of  N^O  in  che  upper 
ataosphara  and  in  published  scudlas  employing 
discharge -flow  syseaas.  N^O  production  races 
vara  dacarainad  under  various  discharge -flow 
conditions  and  are  conalscenc  only  with  a 
process  In  which  boch  N2  and  Oj  species  are 
axclcad  and  ara  present  in  large  relative 
concentrations.  We  posculace  N2(v2lS)  *■ 
Ojla^d  or  b^Z)  as  the  responsible  eachanisn. 

1.  Introduction 

N2O  production  from  lighcnlng  (Hill  ac 
al.,  1984;  Levine  and  Shaw,  1983]  and  dis¬ 
charged  (Donohue  at  al.,  1977;  Brandvold  and 
Martinez,  1989;  Ellaaaon  and  Kogelachatz, 
1986;  Levine  at  al.,  1979]  or  Irradiated 
(Harteek  and  Oondea,  1956]  N2/O2  Mixtures  is 
wall-docusMnced  but  the  foraaclon  nechanlsas 
are  not  understood.  N2O  plays  an  inportant 
role  In  both  che  upper  and  lower  aciiosphere 
as  a  phocochaailcal  precursor  co  odd  nitrogen 
(NO,)  and  as  an  Infrared  radlacor/absorber. 
H2O  la  produced  copiously  via  ground- based 
biological  aceivlcy  and  fossil  fuel  conbua- 
Clon,  and  these  sources  ace  generally  con¬ 
sidered  CO  control  che  global  acoospherlc  N2O 
budget.  However,  a  variety  of  observations 
of  N2O  foraaclon  In  discharge -axel Cod  N2/O2 
aixeures  has  led  to  considerable  speculation 
about  possible  Mchanlsu  for  local  aCBX>s- 
pherlc  sources  of  N2O  which  would  Inpacc  che 
chealscry  of  tropospheric  electrical  dis¬ 
charges,  scracoapherlc  NO,  production,  and 
auroral  energy  deposition.  In  particular, 
Prasad  and  Zlpf  (1981]  have  suggested  chat 
Che  reaction  of  N2(A*S^*)  with  O2  was 
responsible  for  laboratory  observations  of 
N2O  production  In  electron- Irradiated  N2/O2 
[Zlpf,  1980a],  and  have  used  this  Idea  co 
nodal  chentcal  MjO  production  In  che  upper 
stracospheca/lower  aesospbere  (via 
solar-pumped  N2(A)  [Zlpf  and  Prasad,  1982) 
and  in  che  auroral  0  and  E  regions  (via 
electron- Inpact-exclcad  82(4))  [Zlpf,  1980b]. 
In  addition.  Hill  at  al.  [1984]  have  applied 
this  nechanisn  co  nodels  of  tropospheric  N2O 
production  in  lightning,  point  discharges 
below  thunderclouds,  and  high  voltage  power 
line  coronas. 

Recent  laboratory  investigations  of  Che 
N2(A)  -«■  O2  interaccion  indicate  che  branching 
ratio  for  N2O  foraaclon  co  be  snail  [lannuzzl 
et  al.,  1982;  Black  ec  al.,  1983;  DeSousa  at 
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al.,  1985],  probably  near  zero  [Fraser  and 
Piper.  1989].  Furcheroore ,  additional  explor¬ 
atory  neasurenencs  in  our  laboratory  shoved 
chat  readily  detectable  levels  were 
formed,  not  fron  interactions  of  discharge- 
excited  N2  with  O2  or  excited  02/03  with  N2. 
but  with  co-discharged  N2/O2  mixtures.  This 
observation  suggests  chat  che  ceaccion(s) 
responsible  for  N2O  formation  observed  in 
discharges  requires  che  presence  of  necascable 
excited  states  of  boch  N2  and  O2: 

N2*  +  O2*  -  NjO  0 

This  type  of  reaction  can  be  expected  to  be  a 
far  less  productive  source  of  N2O  Chan  the 
Zipf-Praaad  mechanism  in  most  atmospharlc 
scenarios. 

Wa  report  here  an  Investigation  of  che 
interaccion  of  discharge -excited  O2  and  N2  in 
order  co  dateraine  the  kinetic  behavior  and 
identify  che  N2O  production  mechanism.  Our 
measurements  establish  copious  N2O  production 
via  reaction  of  N2*  wlch  O2*,  and  indicate 
Chat  previous  Inferences  [Hill  at  al.,  1984; 
Levine  and  Shaw,  1983;  Zlpf,  1980a;  Zlpf  and 
Prasad,  1982;  Zlpf,  1980b]  of  atmospheric 
effects  from  N2*  >  O2  or  02*/03  N2 
reactions  are  Incorrect. 


2 .  Experimental  Techniques 

The  experiments  were  performed  In  a 
S-cm-dlamecer,  SO-cm-long  quartz  flow  tube 
equipped  wlch  a  Pyrex  crap.  A  diagram  of  Che 
exparlaental  apparatus  Is  shown  In  Figure  1. 
The  total  flow  race  was  1900  (tmola  s'^  at  a 
pressure  of  2.6  corr  and  a  linear  flow 
velocity  of  670  cm  s'*.  The  nitrogen  flow 
ranged  from  0  co  200  >iaola  s'*  (typically 
100  fimolm  s'*)  and  the  oxygen  flow  varied 
from  2  co  56  ^aole  s'*  (typically  2  iimole 
s'*) .  The  Input  oxygen  and  argon  gases  were 
purified  by  flowing  them  through  cryogenic 
craps  of  S-A  molecular  slave  prior  co  their 
entry  Into  cha  reactor.  The  argon  was 
further  purified  using  a  commercial  scrubber. 
Nitrogen  was  used  without  purification. 

These  experiments  employed  boch  micro¬ 
wave  and  hollow-cathode  dc  dlKchargas.  The 
microwave  discharges  ware  operated  ac  2450  MHz 
and  40  to  50  V  power.  The  hollow-cathode 
discharge  source  was  of  conventional  design 
[Clyne  and  Nip,  1979],  operating  at  240  V  dc 
and  3  mA. 

The  exclced  species  ereaced  in  che 
discharges  interacted  for  75  ns  between  che 
mixing  point  and  Cha  point  of  N2O  collection. 
The  N2O  product  was  collected  In  a  pyrex  crap 
immersed  in  liquid  nitrogen.  Typical  crap¬ 
ping  Claes  were  5  min.  The  gas  flows  were 
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chan  ahuc  off  and  cha  crappad  producca  wara 
cranafaccad  co  a  aacond  crap.  Tha  concanca 
of  cha  cranafac  crap  wara  analysad  for  NjO  by 
saa  chrotaacography  wlch  aaaa  apaecrooMCrlc 
dacacclon  <CCMS).  Oaeaila  of  cha  analyala 
and  callbraclon  proeaduraa  hava  baan  pub- 
llahad  pravtoualy  [Fraaar  and  Plpar,  1989). 

All  of  cha  dacaralnad  K^O  production 
racaa  wara  corraecad  for  background  lavala  of 
NjO  arialng  froa  oxygon  lapurlcy  In  cha 
nicrogan  gaa.  For  cha  aicrowava  dlachargaa 
chla  tapuclcy  waa  3  x  10'*  ^aolaa  a'*  and  for 
cha  dc  axparlaanca  cha  S2O  background  waa 
undacaccabla . 

3 .  Raaulca 

Tha  raaulca  of  our  axparlaanca  ara 
suanarlzad  In  Tabla  1.  Typically  10  to  20 
naaaurananca  wara  parforaad  for  aach  dlB' 
charga  configuration.  Tha  arror  llaica  ahown 
wich  cha  data  rapraaanc  cha  cocal  acacear  In 
cha  data  ovar  cha  anclra  nicrogan  «ola  frac¬ 
tion  ranga.  Tha  data  ara  praaancad  In  chla 
■annac  bacauaa  cha  NjO  ylalda  wara  found  eo 
ba  ralacivaly  conacanc  ovar  all  nicrogan  nolo 
fracclon  condlclona.  Tha  data  in  Tabla  1  ara 
uncorraccod  for  MjO  loaa  Mchaniaas  which  ara 
llkaly  CO  ba  aaall  for  our  axparlaancal 
condlclona. 

Tha  graacaac  N^O  ylalda  wara  obaarvad 
froa  eo-dlaehargad  Na/Oj  alxcuraa.  For  tha 
co-dlaehargad  ayacaa,  roughly  1  pareanc  of 
cha  Initial  Oj  waa  eoavarcad  to  1^.  Ola- 


charging  cha  nicrogan  and  oxygon  aoparacaly 
wlch  aubaaquanc  nixing  dovmacraaa  producad 
ylalda  thac  wara  raducad  by  a  factor  of  two. 
Tha  ylalda  for  chla  configuration  ara 
algnlflcanc,  aapaclally  conaldarlng  cha 
Ineraaaad  aurfaca  quanchlng  of  axeicad  acaca 
pracuraora  for  chla  ayaCaa.  Olachargad 
nicrogan  wlch  “cold*  oxygon  addad  downacraaa 
producad  H^O  ylalda  chat  wara  furchar  raducad 
by  an  ordar  of  aagnlcuda.  Tha  ylalda  of  HjO 
from  dlachargad  oxygon  wlch  ’cold*  nicrogan 
addad  downacraaa  wara  balow  dacacclon  lialca. 
Tha  raaulca  froa  cbaaa  chraa  dlacharga 
sonflguratlona  Indlcaca  chat  dlachargad 
nicrogan  la  aaaanclal  Co  NjO  foraaclon  and 
dlacharglng  cha  oxygan  laprovaa  cha  yiald  by 
a  factor  of  can. 

In  an  aecaapt  to  laolata  cha  axeicad 
acaca  apaelaa  eoncrlbucing  co  NjO  foraaclon, 
axparlaanca  wara  conductad  wlch  nodlflad 
dlacharga  condlclona.  Claaa  wool  waa  placed 
downacraaa  froa  cha  Ar/Nj  dlacharga  co  roaova 
coaplataly  dlacharga -craatad  aloetronlc 
acacaa  of  Ma  •ucti  aa  Na(A%*,  A'%*).  Thla 
haa  cha  additional  affact  of  roduclng  Cha 
nu^ar  danalty  of  vlbraclonally  axeicad 
ground-acaca  nicrogan  algnlflcancly  and  chac 
of  ground-ataca  H-acoa  nuabar  danalcy 
all^cly  [Morgan  and  Schlff,  1953;  Plpar  ac 
al.,  1989].  Aa  ahown  In  Tabla  1,  cha 
addition  of  glaaa  wool  Co  cha  Ar/Hj  dlacharga 
cauaad  a  raductlon  In  cha  MjQ  yiald  by  a 
factor  of  about  four.  Thla  la  coaaanauraca 
wlch  cha  raductlon  Chat  nlghc  ba  oxpaccad  for 


TABLE  1.  Raaulca  for  NjO  Foraaclon 


Exparlaanc 

NjO  Producclon  Rata 
(naola  a'^) 

Co -dlachargad  Ar/N|/0a 

0.053  ±  0.12 

MW  Ar/N,  +  MW  Ar/Oa 

0.022  ±  0.003 

MW  Ar/Na  MW  Ar/Ox  w/Nl  aeraan 

0.0103  ±  0.003 

MW  Ar/Na  w/glaaa  wool  MW  Ar/Oa 

MW  Ar/Ma  w/glaaa  wool  +  MW  Ar/Oa 

0.0056  t  0.0013 

w/Nl  aeraan 

0.0027  ±  0.00065 

MW  Ar/Na  ♦  0i 

0.0019  ±  0.0004 

MW  Ar/Na  w/glaaa  wool  +  Oa 

0.00056  ±  O.OOOll 

Ar  nacaacablaa  *  HzOg 

<  10'» 

MW  Ar/Oz  *  N, 

0.0 

MW  •  microwave  dlacharga 
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NjCv)  undar  chesa  conditions.  If  excited 
aleccconie  states  of  Hi  were  involved,  a  nuch 
graacar  dacreasa  should  hava  been  observed 

Similarly,  a  nickel  screen  was  placed 
downstream  of  the  Ar/O^  discharge.  The 
nickel  screen  quenches  discharge-produced 
mecascables  and  cacalytically  recombines  the 
atomic  oxygen  to  form  electronically  excited 
Oj,  e.g.,  02(A’IIu*,  b^Sg*.  a‘Ag)  [Kenner  and 
Ogryzlo,  1983;  Ali  at  al.,  1986],  This  pro¬ 
cedure  caused  only  a  factor  of  two  decrease 
in  the  NjO  yield  implying  that  electronic 
maeastablea  of  Of  are  involved  in  the 
production  mechanism. 

The  remaining  discharge  configurations 
failed  to  prodxwe  NjO  in  excess  of  background 
levels.  This  Includes  microwave  discharged 
Ar/Of  with  Sf  added  downstream  and  argon 
metascablas  added  to  Vf/Of  mixtures. 

U.  Discussion 

The  results  clearly  show  that  efficient 
N}0  formation  requires  excited  Oj  and  excited 
Mg.  The  measured  MgO  production  rates  indi¬ 
cate  the  minimum  eoncencrations  of  the 
responsible  excited  species.  Estimates  of 
the  discharge  effluent  number  densities  and 
their  flow  rates  at  the  nixing  point  are 
listed  In  Table  2.  The  number  densities 
shown  in  Table  2  are  accurate  to  within  a 
factor  of  2  to  10.  The  factors  that 
Influence  the  absolute  number  densities 
Include  Og,  Mg  mole  fraction,  extent  of  wall 
and  collislonel  deactivation  prior  to  mixing, 
and  microwave  power.  The  dependence  on 
microwave  power  la  large  from  0  to  30  U  but 
less  than  a  factor  of  two  from  SO  to  90  U 
[Piper  at  al. ,  1989).  The  estimates  shown 
here  are  for  50  U  microwave  power. 

The  Mg  and  Og  flow  rates  were  measured 
directly  from  flow  meters.  The  remaining 
data  In  Table  2  derive  from  direct  measure- 
mants  of  microwave  discharged  Ar/Ng  and  Ar/Og 
mixtures  performed  In  our  laboratory  or  from 
studies  reported  In  the  literature.  The  data 


for  N(‘S)  and  0(^P)  shown  in  Table  2  reflect 
our  measurements  of  the  dissociation  of  Sg 
and  Og  in  microwave  discharges  [Piper  and 
Rawlins,  1986].  The  number  densities  for 
M2(X,v)  are  derived  from  direct  measurements 
of  chess  populations  in  dlschargs-excitsd  Ng 
mixtures  [Piper  et  al.,  1989).  the  data  in 
Table  2  are  for  an  Ng  mole  fraction  of  O.I 
which  yields  a  modified  Treanor  vibrational 
distribution  of  characteristic  temperature 
3500  K  [Treanor  et  al.,  1967;  Caledonia  and 
Center,  1971).  Cook  and  Hiller  [197i)  have 
determined  the  Og(a^d)  yield  to  be  5  to 
10  percent  of  the  Og  density.  We  have 
directly  measured  the  N(^D),  N(^P)  yields 
from  discharged  nitrogen  (L.C.  Piper, 
unpublished,  1989).  the  data  in  Table  2 
reflect  the  measured  ratio  [N(*D))/[Ng]  -  10*’ 
and  [M(*P) )/[N(*D)  1  -  0.2.  Observation  of 
Mg(A^S  -  X^Z)  Vagard-Kaplan  emission  has  set 
the  Mg(A)  number  density  to  be  -  10*  mole¬ 
cules  cm'*  with  vibrational  populations 
predominantly  In  the  lowest  two  vibrational 
levels.  These  studies  [Piper  and  Marinalli, 
1989]  hava  also  indicated  the  density  of 
other  Ng  electronic  states  to  be  <10*  mole¬ 
cules  cm**. 

We  have  excluded  Ion  concentrations  from 
Table  2.  Although  ion  concentration  may  be 
high  within  the  active  discharge  region 
(-10**  cm**) ,  recombination  rapidly  drops  the 
ion  number  densities  to  <10*  cm**  [e.g.. 

Nelson  and  Tardy,  1988).  Even  if  ions  were 
to  form  NgO  with  unit  efficiency  in  our 
various  discharge  configurations,  the 
formation  rates  would  be  several  orders  of 
magnitude  below  the  data  shown  in  Table  1. 

It  can  be  seen  from  Table  2  chat  number 
densities  of  NgCA)  and  other  electronically 
excited  forms  of  Ng*  are  too  small  to  account 
for  the  observed  MgO  production  race.  Thus, 
Che  most  likely  nitrogenous  NgO  precursor 
appears  to  be  Ng(v) .  The  most  abundant 
molecular  effluents  of  the  Ar/Og  discharge 
are  Og(a,b);  Og(A,A' ,c)  are  significantly 
less  abundant  and  ace  therefore  unlikely  to 


TABU  2.  Discharge  Effluents 


Species 

Appcoxlmete 
Concentration 
(molecules  cm'*) 

Radiative 
Lifetime , 

Flow  Rate 
(wmole  s**) 

Ns 

4.8  X  10*» 

100 

0* 

9.6  X  10*» 

- 

2 

N(*S) 

10**  -  10** 

- 

0.1  -  1 

0(’P) 

-3  X  10** 

- 

0.65 

Ng(va7) 

-7  X  10** 

- 

1.5 

Ng(val5) 

-3  X  10** 

- 

0.6 

Og(a*A) 

10** 

65  min 

0.22 

Og<b*S) 

10** 

12s 

2.2  X  10** 

N(*D) 

-5  X  10** 

12  hr 

10'* 

N(*P) 

-1  X  10*® 

12s 

2  X  10** 

NgCA) 

10* 

2s 

2.2  X  10** 

Ocher  Ng 
electronically 
excited  species 

<10* 

«ls 

<10** 

Concentrations  are  rough  estimates  for  the  effluents  of 
the  discharged  Ac/Ng  and  Ar/Og  prior  to  mixing. 
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be  involved,  "’'he  observacion  of  slight  N2O 
formation  when  the  Oj-  is  not  discharged 
suggests  a  serial  process  in  which  the  Oj 
must  first  be  excited  by  collisions  with  Nj* 
before  it  can  react  to  form  N2O. 

Ve  therefore  conclude  that  N2O  is  indeed 
formed  in  discharge-excited  nltrogen/oxygen 
mixtures  at  low  pressures,  and  that  the  most 
likely  reaction  involves  vrbratlonally 
excited  N2(X)  and  electronically  excited  62(3 
or  b).  In  order  for  the  spin-allowed 
reaction 

N2(X.v)  +  02(a)  -  N2O  +  0(iD)  (1) 

to  be  exoerglc,  K2(v&15)  is  required.  The 
occurrence  of  a  spin- forbidden  reaction  path 
forming  0(^P)  or  the  Involvement  of  02(b) 
lowers  this  energetic  requirement  by  seven  or 
two  quanta,  respectively.  For  our  results  to 
be  accounted  for  by  reaction  (1)  requires  a 
lower  bound  to  Its  rate  coefficient,  on  the 
order  of  10*^*  cm^  s"^.  The  actual  rate 
coefficient  could  well  be  much  larger  chan 
this  limit  owing  to  precursor  quenching 
effects  and  competitive  reactions  chat  we 
have  not  yet  evaluated. 

In  performing  these  experiments  we  have 
been  cautious  to  minimize  N2O  production  from 
Che  reaction 

H  +  NO2  -  NjO  +  0  (2) 

which  has  a  race  coefficient  [Clyne  and  Ono, 
1982]  for  all  product  branches  of  3  x  10'^^ 
cffl^  molecule*^  s*^.  Ue  have  chosen  an  02:N2 
ratio  of  1:30  In  order  to  minimize  NO  and, 
hence  Che  MO2  chat  can  form  from  the 
recombination  of  NO  and  0.  For  our 
experimental  conditions  the  reactions 

N(‘S)  +  O2  ->  NO  +  0 

(k  -  1.2  x  10'^*  cm^  molecule*'  s*')  (3) 

[Becker  ec  al. ,  1969], 

N(-D)  +  O2  NO  +  0 

(k  -  4.6  X  10*'*  cm*  molecule*'  s*')  (4) 

[Piper  ec  al. ,  1987)  , 

N(*P)  +  O2  -  NO  +  0 

(k  -  2.2  X  10*'*  cm*  molecule*'  s*')  (5) 

[Piper  ec  al.,  1989),  and 

N  NO  -  Nj  +  0 

(k  -  3  X  10*"  cm*  molecule*'  s*')  (6) 

[Clyne  and  McOermld,  1975;  Husain  and  Slater, 
1980;  Lee  ec  al.,  1978]  yield  a  steady-state 
number  density  for  NO  of  -1.3  x  10*  molecules 
cm**.  Even  If  all  the  NO  were  converted  to 
N2O  by  either  gas  phase  or  heterogenous  pro¬ 
cesses  ,  the  N2O  yield  would  be  10**  Mmole 
s*'.  This  Is  significantly  lower  Chan  the 
N2O  yields  presented  In  Table  1.  Thus,  we 
conclude  this  source  does  not  contribute 
significantly  to  our  results. 

As  alternatives  to  reaction  (1)  there 
are  ocher  suggested  mechanisms  for  N2O 


formation  in  electric  discharges.  These 
Include 

N2(A,v»4)  +  O2  -  N2O  +  0  (7) 

and 

O3*  -t-  Nj  -  N2O  +  O2  (8) 

that  have  been  postulated  by  Zlpf  [private 
communication,  1987]  and  Prasad  [1C81], 
respectively.  Table  2  shows  chat  the  total 
number  density  of  N2(A)  is  insufficient  to 
account  for  the  N2O  yields  observed  here. 
However,  we  note  chat  the  possibility  of  N2O 
formation  via  reaction  of  NjIA.  v>4)  with  O2 
is  not  addressed  In  the  present  experiments 
(N2(A)  concentrations  are  coo  small),  nor  can 
It  be  ruled  out  on  the  basis  of  the  previous 
kinetic  studies  [lannuzzl  ec  al . .  1982;  Black 
ec  al. ,  1983;  DeSousa  ec  al. ,  1985;  Fraser 
and  Piper,  1989)  of  N2(A,  low  v) .  Thus  there 
are  still  no  direct  or  conclusive  measure¬ 
ments  CO  confirm  or  deny  the  occurrence  of 
this  process. 

Reaction  (8)  Is  also  unlikely  under  our 
experimental  conditions  since  ozone  formed  by 
three-body  recombination  of  0  and  O2  cannot 
reach  sufficient  number  densities  to  account 
for  Che  observed  results.  Additionally,  no 
N2O  was  observed  from  the  Interaction  of 
discharged  oxygen  with  nitrogen.  Indicating 
excited  N2  to  be  key  to  N2O  formation. 

5.  Conclusions 

Although  it  Is  well  known  chat 
co-dlschacged  N2/O2  mixtures  efficiently  pro¬ 
duce  N2O,  our  observacion  chat  the  respon¬ 
sible  mechanism  requires  both  the  N2  and  O2 
species  Co  bo  excited  Is  unique.  Due  to  the 
requirement  thee  both  reactants  are  excited, 
an  N2O  formation  mechanism  of  the  form 

N2*  +  O2*  N20  +  0 

severely  restricts  the  range  of  Its 
Importance  In  natural  atmospheric  processes . 

This  process  Is  probably  responsible  for 
N2O  formation  in  lightning  and  cloud  dis¬ 
charges,  and  may  have  provided  an  Important 
source  of  N2O  In  the  primordial  atmosphere . 

In  addition,  this  reaction  may  contribute  to 
N2O  formation  In  coronal  discharges  around 
high  voltage  transmission  lines,  previously 
suggested  by  Hill  at  al.  [1984]  (on  the  basis 
of  N2(A)  *  62)  CO  be  a  significant  global 
source  of  N2O.  Clearly,  the  kinetics  of 
tropospheric  electrical  discharges  need  to  be 
re-evaluated  In  light  of  the  present  results. 

However,  stracospherlc/mesospherlc 
effects  due  to  solar  excitation  of  both  N2* 
and  O2*  (directly  or  Indirectly  via  colli - 
slonal  energy  transfer  from  more  efficiently 
excited  species)  will  be  negligible.  This  Is 
consistent  with  the  upper  atmospheric  data 
base  [NASA,  1985],  In  which  Che  observed  N2O 
profiles  above  40  km  show  no  sign  of  the 
local  enhancement  in  production  race  pre¬ 
dicted  by  Zlpf  and  Prasad  [1982]. 

Similarly,  in  auroras  the  N2*  +  O2* 
reaction  will  not  be  significant  except  at 
the  strongest  dosing  levels,  probably  IBC 
Class  III-lV  In  intensity.  This  level  of 
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auroral  dosing  could  produce  significant 
molecular  excitation  below  100  ka,  l.e.,  at 
altitudes  where  quenching  of  the  excited 
species  by  atomic  oxygen  would  be  diminished. 
Under  these  conditions.  N2O  formation  would 
probably  be  observable  through  fluorescence 
in  its  infrared  vibrational  bands  at  4.3,  7.8 
and  17  ^im.  Unfortunately,  the  auroral  data 
base  for  such  high  dosing  levels  is  limited 
[Stair  et  al.,  1983],  and  there  is  as  yet  no 
clear  evidence  for  NjO  formation  under  these 
conditions. 

It  appears  from  the  present  results  that 
Nj*  Oj*  interactions  are  the  primary  source 
of  NjO  formation  in  discharge-excited  air, 
and  that  other  processes  involving  N2(A,  high 
v)  need  not  be  invoked.  We  hope  to  pursue 
this  issue  further  in  future  experimental 
investigations. 
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Previously,  values  for  the  ratio  A^q/Aqj  for  the  02(a^Ag  --  X^Eg*)  transition 
have  been  reported  to  be  either  about  80  or  about  50.  Both  laboratory  and  aeronomic 
determinations  fall  into  each  group.  We  have  re-examined  this  Einstein  coefficient  ratio  both 
in  the  laboratory  and  from  data  taken  on  a  recoit  orbital  mission.  Our  laboratory 
measurements  involve  scanning  the  spectrum  of  an  afterglow  of  an  oxygen  discharge  between 
1000  and  1600  nm.  We  calibrated  the  relative  spectral  response  of  our  detection  system  by 
scanning  the  spectral  output  of  the  three  different  standard  radiation  sources,  obtaining  good 
agreement  from  all  three.  Our  laboratory  measurements  give  a  ratio  of  85  ±  8.  Since  the 
accepted  value  for  Aqq  is  2.6  x  10*^  s'^,  Aq|  will  be  3.0  x  10*^  s*^.  Analysis  of  the  field 
data  requires  correcting  each  spectral  scan  for  differences  in  altitude,  in  some  instances  near 
dawn  and  dusk  for  differences  in  local  dme,  as  well  as  for  spectral  overkq>  from  neighboring 
hydroxyl  emissions. 

The  following  viewgraphs  were  presented  at  the  1990  Spring  Meeting  of  the 
American  Geophysical  Union  in  Baltimore. 
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IxplsMtocy  T«st  Icciwip— ylng 

*Thtt  latlo  AOO/AOl  for  th*  lafrar^  Afo«plwrlc  Bands  of  Molseular  Oacnm" 

Iqr  Lavranea  6.  Pipar 

1.  Titla  viavgraph  including  acknovladgaant  of  sponsoring  aganeias. 

2.  Vhy  is  02(a)  iaportant?  It  is  a  aajor  spacias  involvad  in  uppar 
ataospharic  photochaaiatry.  In  tha  day  glov»  (02(a)]  tracks  [O3I  vhila 
in  tha  nightglov  it  tracks  (0|.  Ona  can  usa  ground-basad  obsarvations 
of  02(a)  profilas  to  daduca  tha  profilaa  of  O3  and  0. 

3.  Tha  problaa  va  ara  addrassing  is  that  aniasloa  in  tha  0»0  band  at 
1269  na  is  absorbad  by  tha  O2  in  tha  aarth's  atnoaphara.  Proa  tha 
ground,  tharafora,  ona  auat  aonltor  tha  0,1  band  at  1581  na.  In  ordar 
to  analysa  ona' a  data,  ona  oust  hava  an  accurata  valua  for  tha  ratio  of 
Binstain  coafficianta  of  tha  0,0  to  0,1  bands.  Pravious  valuas  of  this 
Binstain  coafficiant  ara  in  conflict.  Savaral  groups  raportad  a  valua 
of  about  SO  vhila  othars  hava  suggastad  that  tha  ratio  is  about  80. 
Thaoratical  considarations  basad  upon  Franck<-Condon  factors  suggast 
that  tha  ratio  sight  ba  as  hi|^  as  146. 

4., 5.  Our  axparlnants  vara  parfomad  in  a  discharga>flpv  apparatus  in  vhich 
about  4  Torr  of  O2  vas  dlschargad  in  a  sida  am  and  than  flovad  into 
tha  obsarvation  tuba.  Tha  anlssion  froa  tha  flov  tuba  vas  aonitorad 
vith  a  O.Sa  aonochroaator  aaploying  a  300  1  aa"^  grating  blasad  at 
1000  na  and  a  lll2-coolad  intrinsic  Ga  datactor.  Tha  ralativa  rasponsa 
of  tha  datactlon  systaa  vas  calibratad  vith  quarts-halogan  laaps  and  a 
1250  K  black  body  source. 

6.  Tha  data  vara  analysed  using  tha  aquation  on  this  viai^aph.  Since  tha 
aalssion  faaturas  at  1269  and  1581  na  hava  tha  saaa  uppar  laval,  tha 
ratio  of  aaiasion  intansitias  of  tha  tvo  faaturas  gives  tha  Binstain- 
coafficiant  ratio  directly. 
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11. 


7.  This  visvgrsph  shows  s  typical  spaetrua  of  oaission  from  tha  flow 
rase tor.  Nota  that  tha  vartical  sansitivity  has  incraasad  by  a  factor 
of  33  at  1320  na. 

8.  Va  took  13  spactra  batvaan  1200  and  1600  na  undar  varying  conditions. 
Tha  aaission  faaturas  at  1269  and  1581  na  vara  intagratad  nuaarically. 
Tha  axpariaantal  ratio  darivad  froa  tha  aaasuraaants  is  52  ±  6,  vhara 
tha  uncartainty  is  an  r.a.s.  avaraga  of  tha  statistical  uncertainty 
(2a  ■  10  parcant)  and  tha  astiaatad  uncartainty  in  tha  instruaant 
calibration  (5  parcant). 

9.  Va  also  looked  at  a  nuabar  of  aacth-liab  scans  taken  by  a  satallita  in 
aid-latituda  orbit.  Tha  satallita  used  a  INg-coolad  CVP  spaetroaatar 
to  scan  tha  wavelength  region  batvaan  0.7  and  5.0  vn.  Tha  data  va  . 
analysed  vara  taken  just  after  noon»  local  tina»  and  at  dusk»  Just 
before  sunset  local  tine. 

10.  This  shows  a  typical  spectral  scan.  Tha  two  anlsslon  faaturas  at  1269 
and  1581  vara  readily  apparmt*  rising  above  tha  baseline  which  is 
Raylai^-scattarad  sunlight.  Va  have  ovarlayad  scans  taken  above  and 
balov  tha  O2*  layer  to  shov  hov  the  baseline  can  be  subtracted  readily 
froa  tha  data. 

,12.  This  shows  hov  the  ratio  of  the  band  intensities  varied  with  local  tiae 
for  upleg  and  downing  traversals  of  the  earth's  liab.  Tha  uplag  data 
are  significantly  hi^er  than  the  data  taken  on  the  dovnleg.  This  is 
aost  likely  because  of  Che  detector's  slow  recovery  froa  saturation 
after  the  instruaent  had  been  looking  at  the  hard  earth.  Averages  of 
the  dovnleg  data  gave  a  result  of  41  t  7  froa  the  noon  scans,  and 
56  ±  8  froa  Che  dusk  scans.  A  veigfated  average  of  the  two  sets  of  data 
results  in  a  ratio  of  50  ±  11  froa  tha  field  aaasurMants,  in  good 
agraaaant  with  the  laboratory  data. 
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13.  This  tsbls  coapsrss  our  rsaults  with  thosa  of  previous  workers.  Our 
data  froa  both  the  laboratory  and  field  aeaaureaents  shows  that  the 
previous  reports  of  a  ratio  around  50  are  correct,  while  those  around 
80  are  erroneous  for  soae  reason. 

14.  In  conclusion,  our  data  show  that  the  ratio  of  the  Binstein  coeffi¬ 
cients  of  the  0,0  to  0,1  bands  of  the  infrared  ataospheric  bands  of  O2 
is  52  ±  6.  Given  that  the  accepted  value  of  the  Binstein  coefficient 
for  the  0,0  band  is  2.6  (±15.  percent)  x  10~^  s**^,  we  calculate  that  the 
0,1  Binstein  coefficient  is  5.0  (±19  percent)  x  lO'’^  s~^.  If  we  assuae 
that  the  transition  aoaent  function  is  linear,  we  can  deteraine  the 
paraaeters  of  the  function  froa  the  Binstein  coefficient  ratio  and  the 
absolute  value  of  the  Binstein  coefficient  for  the  0,0  band.  For  a 
linear  ftinction,  the  transition  aoaent  function  in  units  of  Debye  is 
either  6.28  x  10“^  -  8.56  x  10"^  r(v'v*)  or  else  4.50  x  10"^  - 

3.34  X  10"^  r(v»v''). 
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PROBLEM  STATEMENT 
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photochemical  model:  Aqq/Aq^  s  50 

One  laboratory/one  field  measurement:  Aqo/Aqi 

Franck-Condon  factor  prediction:  Aqo/Aqi  »  146 


EXPERIMENTAL  CONDITIONS 
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Relative  spectral  response  trom  qu 
lamp  and  1 200  K  black  body  cavity 


lab 

COMPUTER 


ANALYSIS  OF  LABORATORY  DATA 
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INTENSITY  (ARBITRARY  UNITS) 


RESULTS  OF 

LABORATORY  MEASUREMENTS 
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±5  percent  for  calibration  uncertainty 


FIELD  MEASUREMENTS 
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Resolution:  2.5  to  3  percent  of  wavelength 


EARTH-LIMB  SCAN  NEAR  NOON 
LOCAL  TIME  AT  A  TANGENT 
HEIGHT  OF  ABOUT  65  km 


WAVELENGTH  (urn) 

B-4502 
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VARIATIONS  IN  THE  RATIO  lo,o  /lo,i 
WITH  CHANGES  IN  LOCAL  TIME  FOR 
UPLEG  SCANS  AND  DOWNLEG  SCANS 


RESULTS  OF  FIELD  MEASUREMENTS 


COMPARISON  WITH 
PREVIOUS  DETERMINATION 

Laboratory  Measurements  Using 


Discharge-Flow  Reactors 


Group 

Detector 

0 

< 

0 

0 

< 

Haslet  and 
Fehsenfeld  (1963) 

Calibrated  photometers 

80  ±20 

Findlay  (1969) 

Grating  monochromator 
tNg -cooled  Ge  detector 

46.0  ±  0.7 

Becker  etal.  (1971) 

CVF  spectrometer 

196  K  PbS  detector 

49.514 

Present  results 
(1990) 

Grating  monochromator 
6N2 -cooled  Ge  detector 

5216 

Field  Measurements 


Group 

Instrument 

0 

< 

0 

0 

< 

Pick  et  al. 

(1971) 

Balloon-borne  grating 
spectrometer;  T.E.  cooled 
PbS  detector 

80115 

Winick  et  ai. 
(1985) 

CVF  spectrometer  at 

1581  nm  coupled  with 
photochemical  model  of 
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The  energy  and  stability  of  the  “high  spin’  ^nd  *2  sutes  of  N;  have  been  the  subject  of 
many  theoretical  efforts.  These  sutes  play  an  important  role  in  N-atom  recombination.  The 
collisional  coupling  of  these  sutes  to  other  excit^  electronic  states  strongly  inSiM»nr«t  the 
electronic  emission  spectrum  of  Nj  observed  in  atom  recombinatioa.  Since  these  sUtes  are  not 
dipole  coupled  to  lower  excited  electronic  sutes  of  Nj ,  they  ate  considered  metawaMe  and  are 
possible  candidates  for  high  energy  density  storage  media.  We  have  examined  the  s>ubility  of 
sute  in  a  discharge  flow  reactor.  The  ^2  sute  is  produced  from  the  ^2)  energy 
pooling  reaction  and  probed  via  laset'induced  fluorescence  on  the  C  '  ’11-^4 '  ^2  transition. 
While  no  laserMnduced  fluorescence  from  exciution  of  the  A  ‘  sute  is  observed,  comparison  of 
signal  levels  with  laser-induced  fluorescence  on  the  B  ^2  ~  transition  enables  us  to 
esublish  an  upper  limit  on  the  gas  phase  lifetime  of  this  sute  at  r*essures  of  a  few  Torr. 
Experimental  evidence  is  presented  which  suggests  that  the  -^rtde  at  A  'state 

quenching  is  through  collisional  coupling  to  the  *11,  sute.  K-.  '  other  matrix  isolation 

experiments  suggest  that  the  A '  sUte  may  be  stabilized  in  ciyogenK  ute  gas  matrices. 


INTRODUCTION 

Experimental  investigations  of  “active”  nitrogen  have 
long  postulated  the  existence  of  a  high-energy  metasuble 
electronic  sute  of  Nj  responsible  for  the  exciution  of  many 
species.  Various  reports  indicate  the  sute  has  a  low  hetero¬ 
geneous  deactivation  probability  on  glass  and  metal  surfaces 
and  lives  for  several  milliseconds  in  the  gas  phase.  Matrix 
isolation  studies  have  shown  that  chemiluminescence  from 
“active”  nitrogen  trapped  at  10  to  3S  K  may  radiate  for 
many  seconds.'  The  existence  of  such  a  long-lived  metasu¬ 
ble  sute  would  have  important  consequences  for  our  under¬ 
standing  of  upper  atmospheric  chemistry,  chemical  lasen, 
energy  storage  and  high  voltage  switching. 

Recently,  several  theoretical  efforts  have  focused  on  the 
subility  of  the  high  spin  ^2/  and  *2,'''  electronic  sutes  of 
N] .  These  sutes  arise  from  the  pairing  of  two  N(*S)  atoms 
to  form  an  Nj  molecule  in  which  all  or  all  but  two  of  the 
electron  spins  remain  unpaired  in  the  resulting  molecular 
orbitals.  These  sutes  are  characterized  by  the  formation  of  a 
weakly  bound  (several  cm~ ' )  van  der  Waals  minimum  at 
long  r,  and  a  somewhat  more  strongly  covalently  bound 
minimum  at  shorter  r,.  Since  these  configurations  ate  the 
lowest  energy  of  each  of  the  spin  multiplicities,  they  should 
be  suble  with  respect  to  decay  via  dipole  radiation  and  per- 
ha|9  metasuble  with  respect  to  collisional  deactivation. 
However,  collisional  coupling  between  the  *2/  and  B  *n, 
sutes  was  postulated  by  Kistiakowsky  and  co-workers*  as  a 
key  step  in  the  mechanism  for  three-body  recombination  of 
atomic  nitrt>gen. 

Early  calculations  on  the  stability  of  the  ^2  sute  were 
conducted  by  Vanderslice,  Mason,  and  Lippincott*  and  were 
refined  by  Meador.*  These  investigators  obtained  13.4  and 
14.7  cm  ' respectively,  for  the  depth  of  the  covalent  well. 
Subsequent  calculations  by  Ferranu  and  Stwalley*  and  Ca- 
pitelli  and  co-workers*  obtained  well  depths  of  43  and  188 


cm~',  respectively.  Recently,  Partridge,  Langhoff,  and 
Bauschlicher*  performed  SI>CI  ab  initio  calculations  and 
obtained  a  well  depth  of  21  cm  ~  Though  thi^  well  depith  is 
large  enough  to  support  a  stable  molecule  at  cryogenic  tem¬ 
peratures,  spin-orbit  and  spin-spin  interactioiu  rv'ay  quick¬ 
ly  cause  this  sute  to  couple  to  other  electronic  sutn  of  Nj . 

The  potential  of  the  *1*  state  was  initially  investigated 
by  MuUiken,*  who  predicted  a  covalent  well  depth  of  ~  23(X) 
cm'*.  Subsequent  calculations  by  Krauss  and  Neumann* 
predicted  a  shallower  potential  wiA  a  well  depth  muck  clos¬ 
er  to  83D  cm  ~'.Siegbahn'°  calculated  that /7,  wasai^roxi- 
mately  14S0cm~'.  Experimental  evidence  for  the  existence 
of  a  stable  *2  suu  is  limited  to  the  effects  it  may  have  on  the 
predissociation  of  theff  *11,  and  a  'll,  sutes.  The  proposi¬ 
tion  advanced  by  Beitowitz  et  al,^  that  the  *2  sute  is  re- 
sponsiUe  for  these  predissociations,  is  boktered  by  the  evi¬ 
dence  of  Carroll,"  who  derived  a  well  depth  of  8S0  cm  ~ ' 
from  predissociation  and  airglow  data. 

Recently,  Partridge  and  co-workers'*  performed  com¬ 
plete  active  space  self-consistent  field  (CASSCF/MRCI)  ab 
initio  calculations  on  the  *2,'''  and  *11.  sutes  of  Nj .  Their 
calculations  for  the  *2  sute  (designated .,4 ')  revealed  a  cova¬ 
lent  well  depth  of  approximately  3450  cm  ~ '  and  a  van  der 
Waak  minimum  with  a  binding  energy  of  47  cm  ~ '.  A  bar¬ 
rier  of  approximately  500  cm  ~ '  with  respect  to  dissociation 
to  form  two  N(*S)  atoms  further  enhances  the  subility  of 
the  covalently  bound  sUte.  Recombining  N(*S)  atoms,  a 
primary  mechankm  for  formation  of  the  A '  sute,  must  trav¬ 
erse  thk  barrier  to  enur  the  covalently  bonded  well.  The 
potential  supports  seven  bound  vibrational  levek  with  a 
spacing  of  approximately  630  cm  ~ '.  The  potential  for  the 
’n.  sute  (designated  C  * )  was  also  found  to  be  more  deeply 
bound  than  previously  estimated.  The  C  '  sute  well  depth  is 
calculated  to  be  10  505  cm  ~ '  with  a  vibrational  spacing  of 
approximately  925  cm  ~ '.  A  potential  energy  diagram  of 
these  sutes  is  shown  schematically  in  Fig.  1. 
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FIO.  I.  Potential  energy  dtacnm  for  the  excited  quintet  and  triplet  sutes  of 
N,  (iiroin  Ref.  12). The  vibrational  level(ofiheC*’n.andd'%~  ttate* 
arc  indicated. 


Perhaps  the  most  important  result  from  the  Partridge 
study  was  the  assignment  of  the  previously  unassigned  Her* 
man  infirared  (HIR)  band  system  of  N,  to  the  C'  *n,- 
A '  transition.  This  assignment  was  subsequently  con* 
finned  by  Fourier-transform  infhued  (FTIR)  studies  of 
Huber  and  Vervloet.'^  The  HIR  bands  ate  obsoved  in  the 
630 to  900  nm  region  as  a  result  of  an  energy  poding  reaction 
between  two  N,  (A  )  molecules. Emission  from  the 
C  ’n.  and  B  ^11,  states  is  also  observed  from  the  energy 
pooling  process.  The  calculated  radiative  lifetime  of  the  C  * 
sute  is  4.3  /us.'^  similar  to  the  B  first*positive 

bands.*'  The  calculated  lifetime  is  in  conflict  with  expeti* 
mental  observations'^  that  the  ratio  of  C'/C  sute  emission 
intensities  is  unchanged  over  a  pressure  range  of  a  few  Torr. 
This  would  place  the  lifetime  of  the  C' state  nearer  the  37  ns 
lifetime  of  the  C  stau  and  raises  the  possidlity  that  the  C  * 
sute  derives  its  lifetiase  from  coUisionai  coupling  to  the  C 
state. 

The  assigmncM  of  the  Nj  HIR  bands  to  the 
C*  *n,-A '  transition  coupled  with  the  3430 cm'  'well 

depth  establishes  a  means  of  production  and  indirect  evi* 
dence  for  the  subility  of  the  ^4 '  state.  The  9.43  e  V  electronic 
term  energy  of  tbc  A'  sute  is  more  than  suilicient  to  excite 
many  of  the  sutes  observed  in  ‘‘active”  nitrogen.  However, 
the  magnitude  of  the  intersystem  colliskmal  transfer  pro* 
cesses  and  nonradiative  spin-orbit  and  spin-spin  couplings 
to  other  electronic  sutes  in  the  N,  manifold,  which  decrease 
the  A '  sute  lifetime,  have  not  bm  addressed.  The  experi* 
menu  reported  in  this  paper  employ  a  discharge-flow  laser 
induced  fluorescence  technique  to  quantiutively  explore  the 
stability  of  the  .,4 '  sute  in  the  gas  phase.  Under  conditions 


where  the  production  rate  of  Nj  (A ')  can  be  rigorously  quan¬ 
tified,  we  are  unable  to  detect  its  presence  even  with  reasona¬ 
bly  sensitive  detection  limits.  This  places  an  upper  bound  on 
the  collisional  lifetime  of  N2(.<4 ' )  in  our  apparatus,  and  has 
implications  for  the  rau  of  collisional  coupling  of  N,  (i4  ’) 
with  neighboring  states  of  . 


EXPERIMENTAL 

Our  approach  to  determining  the  collisional  stability  of 
the  A '  ’1*  state  of  was  as  follows:  We  employed  energy 

pooling  of  two  Nj  (A  )  molecules  to  produce  the  C  *  ’rf, 

state.  Radiative  cascade  through  the  C  ’~A '  HIR  bands  re¬ 
sults  in  production  of  the.i4 '  sute.  The  production  rate  can  be 
determined  absolutely  via  quantitative  observation  of  the 
HIR  band  emission  intensity.  Laser-induced  fluorescence 
( LIF)  on  the  C  '-A '  transition  is  employed  to  probe  for  the 
presence  of  the  A '  state.  Calibration  of  the  LIF  detection 
system  is  accomplished  approximately  by  comparison  with 
LIF  signals  from  the  nearby  B  ^Ug-A  ^Z*  transition.  The 
N.  (A  ^Z)  population  may  be  infen^  from  HIR  band  emis¬ 
sion  intensities  using  the  HIR  energy  pooling  rate  coeflicient 
or  directly  using  Nj  (A-X)  Vegard-Kaplan  band  emission 
intensities.  A  simple  kinetic  model,  tied  to  absolute  popula¬ 
tion  measurements,  is  used  to  predict  thei4 '  sute  population. 
The  HIR  band  LIF  intensities  were  compared  with  intensi¬ 
ties  predicted  by  the  calibrated  computer  model.  The  gas 
phase  N2(i4 ')  lifetime  required  to  explain  the  observed  sig-  , 
nal  level  was  then  determined  from  the  model.  The  experi¬ 
ment  is  described  in  more  detail  below. 

The  discharge  flow  apparatus  is  shown  schematically  in 
Fig.  2.  The  apparatus  consisu  of  an  N-lvf  ^Z)  generator,  a 
short  flow  section,  diagnostics  section,  and  pumping  facility. 
The  flow  section  was  provided  to  allow  the  NjM ')  to  build 
to  maximum  concentration,  to  reduce  scattered  light  from 
the  discharge,  and  to  add  various  reagents.  The  diagnostics 
section  provided  for  observation  of  passive  emission  and  LIF 
at  the  same  point  in  the  flow  reactor.  Passive  emission  was 
detected  using  a  0.33  m  monochromator  (McPherson  270) 
equipped  with  a  cooled  GaAsPMT  (HTVR943-02)  operat- 


FIG.  2.  Schesutic  Jijyram  of  the  discharge  flow  reactor  and  LIF  detection 
sy>iem  used  m  the  e.\perinients. 
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ed  in  photon  counting  mode.  A  rate  meter  on  the  photon 
counter  ( Pacific  Photometries )  was  interfaced  to  a  laterato* 
ry  computer  for  signal  acquisition.  The  absolute  sensitivity 
o^the  detection  system  was  calibrated  using  the  well  known 
O/NO  air  afterglow  in  the  400  to  900  nm  region.'*-'*  The 
absolute  calibration  was  extended  to  200  nm  by  comparison 
with  deuterium  and  quaru  halogen  irradiation  stan^rds. 

.  A  Nd:YAG  pumped  tunable  dye  laser  (Quancel 
YGS81C/TDL20)  operating  with  LDS  698  dye  was  used  to 
excite  fluorescence  from  the  (.A ')  state  and  >4  statemthe 
^diagnostics  section.  The  section  is  internally  blackened  with 
a  Teflon  coating  and  equipped  with  long  baflie  arms  to  re< 
duce  scattered  light.  The  LIF  is  detected  with  a  baflied  and 
filtered  PMT  (HTV  R9SS).  An//2  lens  was  used  to  image 
fluorescence  onto  the  PMT  photocathode.  The  combination 
of  a  Schott  RG-9  color  filter  and  750  nm  long*pass  interfer* 
ence  filter,  along  with  the  PMT  long-wavelength  cutoff,  lim¬ 
ited  the  wavelength  range  of  the  detection  system  to  750  to 
900  nm.  Approximately  50%  of  the  emission  from  N,  (R, 
t;  3)  and  (C',  v  =  2),  the  levels  pumped  in  the  LIF 
deteetkm  experiments,  occurs  in  this  wavelength  region.  Sig¬ 
nals  from  the  PMT  were  fed  to  a  high-speed  current  amplifi¬ 
er  ( Ithaco  1211)  and  then  to  a  boxcar  signal  averager.  The 
LIF  signals  were  recorded  with  a  laboratory  computer  and 
corrected  for  variations  in  laser  intensity. 

The  ^Z)  used  in  this  study  was  produced  by  ener¬ 
gy  transfer  from  metastable  Ar(  ’Fax )  to  .  This  technique 
has  been  described  extensively  in  the  literature.  The 
metastable  Ar  was  produced  by  passing  Ar  through  a  low 
power  DC  discharge  (500  VDC,  2  mA)  at  a  flow  rate  of 
approximately  4000 /imol  s  ~ Small  flows  of  N-  ( 10  to  250 
/xmols~')  were  added  downstream  of  the  discharge.  In 
some  experiments  a  5%  Ar  in  He  mixture  was  passed 
through  the  discharge  in  order  to  use  He  as  the  buffer  gas.  A 
small  flow  of  could  be  injected  downstream  of  the  N. 
{A  ^S)  generator  in  order  to  quench  the  N2  (<4 ).  This  was 
done  occauonally  in  order  to  eliminate  ail  chemilumines¬ 
cence  and  check  for  the  presence  of  scattered  light  from  the 
discharge.  In  all  cases  flows  were  measured  using  calibrated 
mass  flow  meters.  Cell  pressures  were  measured  using  a  cali¬ 
brated  capacitance  manometer.  All  reagent  gases  were  ultra- 
high  purity  (UHP)  (99.999%)  and  were  used  without 
further  purification.  The  flow  reactor  was  pumped  by  two  17 
cfm  and  one  27  cfm  mechanical  vacuum  pumps  connected  in 
a  parallel  manifold.  In  this  configuration  flow  velocities  in 
excess  of 3700  cm  s  ~ '  at  pressures  of  2  Torr  were  attainable. 

RESULTS 

Initial  experiments  were  conducted  using  Ar  as  a  buffer 
gas  at  pressures  of  approximately  4  Torr.  Obsenation  of  N. 
HIR  emission  showed  that  the  intensity  was  ma.ximized  un- 
**  der  these  conditions  at  N.  mole  fractions  of  approximately 
0.05.  An  emission  spectrum  of  the  region  from  610  to  820 
nm.  recorded  at  a  point  5  ms  downstream  of  the  Nj(/4) 
generator,  is  shown  in  Fig.  3.  The  spectrum  includes  the  data 
.  and  a  fit  to  the  data  indicating  the  presence  of  both  the  N- 
(C  '-/4 ')  HIR  bands  and  the  N,  IB-A)  first  positive  bands. 
The  transition  probabilities  calculated  by  Partridge  et  al.'- 


FIG.  y  Visible  emission  spectrum  of  N.  resulting  from  the  N.  (.< )  energy 
pooling  reaction  in  Ar.  The  important  C’-A'  and  B-A  transitions  ate  indi¬ 
cated.  Heavy  line  is  fit  and  light  line  is  data. 


were  used  in  calculating  the  fitted  spectrum.  It  is  evident  that 
these  parameters  do  quite  a  good  Job  of  reproducing  the  ex¬ 
perimental  spectrum.  The  spectrum  of  the  C  “-A '  transition 
is  dominated  by  emission  from  vibrational  levels  2  and  3. 
Previous  studies  by  Piper'*  showed  that  these  levels  are  pro¬ 
duced  nearly  exclusively  by  the  energy  pooling  reactions  in¬ 
volving  combinations  of  N;  (/I,  u  =  0)  and  N;  (v4,  u  =  I ) . 

A  lower  limit  on  the  N:(/4 ' )  production  rate  is  given  by 
the  C-A '  emission  intensity.  This  emission  intensity  can 
also  be  used  to  determine  the  Nj  (A)  concentration  at  that 
point  in  the  flow  reactor.  The  total  Nj  (^4 ')  concentration  at 
any  point  in  the  flow  reactor  is  the  integral  of  N2  (^4 ')  pro¬ 
duction  and  loss  processes  from  the  N2  (<4 )  generator  to  that 
location.  Initially,  we  assume  that  only  quenching  at  the 
walls  of  the  flow  reactor  is  responsible  for  the  loss  of  N,  (i4 ' ) . 
The  production  and  loss  of  Nj  (^4)  and  N-  (^4 ')  can  be  de¬ 
scribed  approximately  by  the  set  of  reactions: 


N,(/4) -»-N,(^)-N;(C*) +  N,(Ar).  (A) 

N,(A) +  S,(A)-S:(B.C) -hN,(X),  (B) 

N,(^)  + wall-N,(2f),  (C) 

N,(C*)-N,(^’) -+- MHIR),  (D) 

N,(^') -t- wall-N,(.T).  (E) 


We  have  neglected  quenching  of  N,  (C ' )  based  on  experi¬ 
mental  observations  that  it  is  insignificant  at  our  operating 
pressures.''"*  Other  collisional  and  noncollisional  pathways 
for  deactivation  of  N,  (^  ' )  can  be  described  by  inclusion  of 
an  additional  pseudofirst-order  loss  term: 

N-(/4')  — products.  (F) 

The  radiative  rate  of  the  C  ’  state  is  sufficiently  large  so  that 
the  C  *  -state  concentration  is  considered  to  be  in  steady  state 
in  the  field  of  view  of  the  detection  system.  Hence,  the  rate  of 
reaction  ( AJ  can  be  set  equal  to  the  rate  of  reaction  ( D ) ; 
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ifcAlN,(i4)l"-MNi(C*)l 

*  ^HIRt  (1) 

wImts/hir  itmply  the  total  Herman-infrared  band  votunie 
eminoaiateiThaa,  the  Ni  (^4)  concentration  may  be  deter¬ 
mined  fiboi  the  HIR  band  absolute  emission  rate, 

[Nj(i4)l  *“  {/hir/^a  (2) 

The  energy  pooling  rate  codBdents  for  the  formation  of  the 
N,  (C*)  sute  have  been  measured  by  Piper.  “The  rate  coef¬ 
ficients  and  the  vibrational  levels  of  the  C  *  sute  that  are 
excited  depend  on  the  degree  of  vibrational  exciution  pres¬ 
ent  in  the  Nj  (^).  Under  our  experimental  conditions  the 
Nj  (i4)  is  produced  primarily  in  v  =  0.  Hence,  we  have  used 
Piper’s  rate  coeflScient  for  pooling  of  two  Nj  (i4,  u  »  O)  mol¬ 
ecules,  8. 1  ±  2.3  X 10  “  "  cm^  molecule  ~ '  s  “ in  determin¬ 
ing  the  Nj  (A )  number  density.  Thus,  under  typical  experi¬ 
mental  conditions  the  HIR  band  emission  measurement 
gives  an  Nj  (i4 )  number  density  of  9  x  10*  molecules  cm  ~  ^  S 
ms  downstream  of  the  generator. 

This  estimate  of  the  Nj  (A)  number  density  is  confirmed 
by  direct  observation  of  the  Vegard-Kaplan 

Bands.  Figure  4  shows  a  spectrum  of  the  region  from  200  to 
400  nm.  The  fit  to  the  spectrum  clearly  identifies  features 
fromN]  (i4,  i;*  0,1  )andN,(C,u  =  0-3).  The  NjCO  emis¬ 
sion  is  produced  from  the  Nj  (./4)  energy  pooling  reaction.'* 
The  emission  from  the  NO(i4-AD  transition  evident  in  the 
spectrum  is  due  to  exciution  of  small  amounu  of  discharge- 
produced  NO  by  N,  (A).^'  Also  present,  but  not  identified 
in  the  spectrum,  is  emission  from  the  OH(A-J0  transition 
which  is  also  due  to  a  low-level  impurity.  The  direct  deter¬ 
mination  of  N]  (A )  concentrations  from  the.^-Jirband  inten¬ 
sities  in  general  indicated  N2  {A)  concentrationa  consistent 
with  HIR  emisakm  intensity  determinations. 

The  decay  of  in  the  flow  reactor  can  be  modded 

to  determine  the  initial  Nj  (^4)  concentration  at  the  exit  of 
the  generator.  This  concentration  must  be  determined  in  or- 


FIG.  4.  UVeminion  spectrum  ofN.  from  N.(/4)  eneriy  poolin|.  FeaiUFCs 
a€th»A-XuiAC-B  tramiiiont  are  indicated.  Also  present  are  features  from 
the  NO(.4-Jr)  and  OKi.-f-JD  transitions  resulling  from  the  presence  of 
tow-level  impurities.  The  heavy  line  is  the  fit  and  the  light  line  is  the  data. 


der  tocafculate  the  total  N2(i4  ‘ )  production  up  to  the  obser¬ 
vation  point.  The  decay  of  N,  (A )  is  given  by  the  expression 

-  -  (*A  +  *. )  (NjM)  1'  -  itc  (N2M)  1.  (3) 

di 

where  the  factor  of  2  usually  found  in  the  rate  expression 
reflecting  the  loss  of  two  Nj  (.4 )  molecules  per  pooling  ev^t 
has  been  excluded.  This  is  done  to  account  for  the  fact  that, 
under  most  experimental  conditions,  one  N,  (>4 )  molecule  is 
regenerated  from  the  pooling  reaction  via  radiative  cascade 
through  the  C  ’n.  and  B  sutes.  The  rate  coeflicient  for 
wall  loss  in  a  diffusion  dominated  regime  kj  is  given  by^ 

kc^l.6BD/a-,  (4) 

where  D  is  the  diffusion  coefficient  of  N,  (i4)  in  the  buffer 
gas  and  a  is  the  tube  radius.  The  diffusion  coefficient  can  be 
calculated  approximately  from  kinetic  theory^^  to  be  160 
cm^  s~ '  at  a  pressure  of  1  Torr  in  Ar  and  scales  inversely 

with  pressure.  Under  our  conditions  jfcc  typically  has  a  value 

of80s~ '.  The  value  of  ikB,  the  energy  pooling  rate  co^Scient 
for  production  of  all  products  other  than  the  C '  state,  is 
estimatedby  Piper'*  to  be  approximately  3  X  10~  “’cm^mol- 
ecule~ '  s  ~ '.  Thus,  it  is  clear  that  at  these  )  concentra¬ 
tions  wall  loss  is  primarily  resptmsible  for  the  loss  of  N2  (A ) . 
ExfHcssion  (3)  can  be  solved  analytically  by  neglecting 
pooling  or  exactly  using  a  simple  numerical  model  to  yield 
the  N2  (^)  concentration  at  the  generator  exit  port. 

The  equation  governing  the  production  and  loss  of 
N2(/4  ')  is  given  by 

,  ko  tN2(C')  1  -  Uh  -I-  ikpXNiM ')  1. (5) 

di 

where  the  value  of  k^,  wall  loss  rate  coeflBdent  for  the  A  ’ 
state,  is  assumed  to  be  the  same  as  for  the  N2M)  state  and 
is  shown  in  expression  (1)  to  be  the  total 
HIR  band  emission  intensity.  By  substitution  of  expression 
(1)  into  expression  (S)  one  can  relate  the  expected  .^4  '-state 
concentration  to  the  Nj  (A )  concentration: 

[NtM)  1^  -  Ue  -I-  IfrXNiM ')  1-  (6) 

di 

Given  the  initial  N2(i4)  concentration  determined  from 
expression  (3),  the  concentration  of  N;  (A ')  can  be  calculat¬ 
ed  at  any  point  in  the  flow  reactor  using  a  simple  numerical 
modd.  It  was  initially  assumed  that  other  loss  processes 
were  negligible  {kf  =0).  The  model  predicted  that  N,  (,4 ') 
concentrations  on  the  order  of  4  x  10'  molecules  cm  ~ '  could 
be  expected  in  the  observation  region,  S  ms  downstream  of 
the  injector.  As  shown  below,  this  is  readily  detectable  by 
laser-induced  fluorescence  in  the  HIR  bands. 

Approximate  calibration  of  the  LIF  detection  system 
was  accomplished  by  observing  the  LIF  produced  by  pump¬ 
ing  the  Nj  (B  ^n,-/4  ^1,* ,  3-0)  band.  The  origin  of  the  band 
is  at  68S.83  nm.  This  is  a  spectral  region  where  no  absorption 
is  expected  from  the  NjCC  *-,4 ')  transition.  A  typical  spec¬ 
trum  of  LIF  from  the  3-0  band  is  shown  in  Fig.  3.  llie  transi¬ 
tion  is  a  (case  a)-' S  transition  with  27  possible  branches. 
Several  of  the  main  branches  and  satellite  branches  are  indi- 
cated-in  the  figure.  The  signal  intensity  at  the  F,  1  branch 
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FIG-  3.  LIF  excitation  spectrum  of  the  B  ’(1,-/4  ‘2.*'  3,0  band  transition 
observed  in  the  diicharie  flow  reactor.  The  0,,  andF,,  branch  band  heads 
are  indicated  in  the  flgure. 


head  was  chosen  for  determining  the  detection  sensidvity. 
The  absolute  Nj  {A  u  —  0)  concentration  was  deter¬ 
mined  by  the  techniques  described  above. 

Several  issues  must  be  considered  in  using  this  method 
to  determine  the  sensidvity  of  the  LIF  technique  for  detect¬ 
ing  the  A  ‘  state.  The  primary  issue  is  the  actual  oscillator 
strength  of  the  C  "^A '  transidon  relative  to  the  B-A  transi¬ 
tion.  As  mentioned  in  the  introduction,  the  calculated  radia¬ 
tive  lifetime  for  the  C  '-A '  transition,  4.3  fit,  conflicts  with 
some  of  the  data  on  quenching  of  C '-state  emission.  The 
quenching  data  suggests  that  the  lifetime  of  the  C'  state  is 
closer  to  40  ns.  This  lifetime  would  imply  a  much  stronger 
absorption  oscillator  strength  for  the  transition.  The  dis¬ 
crepancy  will  be  addressed  further  in  the  discussion  session: 
however,  the  primary  eflbet  ot  an  increased  oscillator 
strength  for  the  C '-v4 '  transition  would  be  a  lowering  of  the 
detection  limit  for  the  A '  state  by  approximately  a  factor  of 
100.  Thus,  observation  of  N}(/4 '),  coupled  with  the  theoreti¬ 
cal  radiative  lifetime,  would  give  a  re^t  which  is  an  upper 
limit  on  theA  '-state  concentration  and  hence  a  lower  b(^d 
on  the  the  effective  loss  rate. 

An  LIF  spectrum  of  the  region  from  700  to  710  nm  is 
shown  in  Fig.  6.  The  2-0  and  3-1  bands  of  the  C  ’-A  ‘  transi- 
tim  should  be  excited  in  this  wavdength  region.  Though 
absorption  features  are  observed  in  this  region,  they  can  be 
assigned  to  the  Nj  (B~A,  8-6)  transition.  This  assignment  is 
confirmed  by  resolving  the  fluorescence  excited  by  the  laser. 
A  typical  resolved  emisskm  spectrum  is  shown  in  Fig.  7.  The 
only  discernible  emission  features  are  due  to  transitions 
originating  from  v^i  and  v  =  7  of  the  .ff  state.  Population 
of  Nj  (if,  V  a:  7)  is  due  to  vibrational  relaxation  of  S,  v  =  8 
by  the  Ar  buffer.  Thus,  no  emission  from  the  N,  (C'-/f ') 
system  is  excited  by  the  laser  within  the  detection  limits  of 
the  system.  The  defection  sensitivity  used  in  the  LIF  spec¬ 
trum  of  the  700  to  710  nm  region  is  a  factor  of  I(XX)  better 
than  the  sensitivity  used  in  recording  the  spectrum  of  the  N, 
(B-A,  3-0)  band.  Observation  of  the  poorly  populated  and 
weakly  absorbing  v=»  6  level  of  the  A  sute  illustrates  the 
detection  limits  of  the  system.  Comparison  of  the  noise  levels 
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FIG.  6.  LIF  excitation  spectnun  for  the  rtgun  from  700  to  710  nm.  Fea- 
tuiet  of  the  B-A,  8,6,  and  7,3  tranaition  ate  identifled.  Arrowt  show  the 
expected  location  of  the  HIR  3,1  and  2,0  bands.  The  excitation  point  for  the 
spectrum  of  Fif.  7  is  shown. 


observed  in  this  spectrum  with  the  signal  levels  obtained  in 
the  spectnun  of  Fig.  4,  corrected  for  the  differences  in  the 
absorption  strengths  forthe.0-i4, 3-OandC  '-,4  ',2-0  bands, 
establishes  a  detection  sensitivity  for  Nj  (A ')  approxi¬ 
mately  1 X 10*  molecules  cm  ~ 

The  simple  numerical  model  used  to  predict  the  expect¬ 
ed  Nj  (A ')  densities  at  the  observation  point  in  the  discharge 
flow  reactor  can  be  used  to  determine  a  lower  limit  on  the 
losa  rate  ( )  for  N2  (^ ' )  consistent  with  a  concentration  at 
our  detection  limit  The  traces  in  Fig.  8  show  the  expected 
temporal  profile  for  Nj  (A ')  when  only  wall  loss  (trace  a) 
and  a  loss  rate  of 3200  s  ~ '( trace  b )  is  included  in  the  model 
When  the  loss  rate  of  3200  s~'  is  incorporated  in  the  model 
an  Njf/I ')  concentration  equivalent  to  the  estimated  detec¬ 
tion  limit  is  predicted  at  the  detection  point  Hence,  we  can 
place  an  upper  limit  on  thei4  '-state  lifetime  of  approximately 
0.3  ms  at  pressures  of  approximatdy  4  Torr  of  Ar.  In  our 


f  —  I  r-  I  I  I  I  r'  —  I  I  I  I  ■  I  '  I  1-1 

MO  <M  no  WO 

Wiveleogdi  (nm) 


FIG.  7.  Resolved  LIF  spectrum  for  one  of  the  absorption  bands  of  Fig.  6. 
The  features  present  can  all  be  identifled  as  originating  from  the  R-/4  iransi* 
ikm.  Excitation  of  the  8.6  band  is  clearly  ndicated.  Emission  from  A  o  7 
is  probably  duato  vibrational  relaxation  of  the  R  state. 
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FIG.  8.  Model  predictions  for  the  temporal  evolution  of  the  N.  (if ' )  popula¬ 
tion  in  the  discharge  flow  reactor.  Trace  a  shows  the  behavior  expected  if 
wall  loss  was  the  only  mechanism  responsible  for  quenching  of  the  il '  state. 
Trace  b  shows  the  behavior  expected  for  a  loss  rate  of  3200  s'*.  This  rate 
produces  a  concentration  of  ‘  at  our  detection  limits. 


experiments  we  explored  a  range  of  ti,/Ax  mixture  ratios 
(1%  to  20%  N: ),  discharge  conditions  (300toti00  VDC). 
and  pressures  (2  to  3  Torr).  In  addition,  we  passed  Nj/Ar 
and  Nj/Ar/He  mixtures  directly  through  the  DC  dis¬ 
charge.  This  method  of  production  enhances  the  observed 
N-  ( C  “-A ' )  emission  intensity  at  theexpenseof  producing  N 
atoms  and  perhaps  other  metastable  states  of  Nj-  In  addi¬ 
tion,  He/Ar  mixtures  were  codischarged  and  Nj  was  added 
downstream.  Ratios  of  He/Ar  in  excess  of  100  were  em¬ 
ployed  in  these  studies.  Under  no  set  of  conditions  was  LIF 
on  the  C-A '  transition  observed. 

DISCUSSION 

We  have  conducted  a  series  of  experiments  to  determine 
the  gas-phase  lifetime  of  the  A  ’  state  of  N, .  Though  the  LIF 
calibration  method  employed  in  the  study  was  not  precise, 
the  experiments  do  infer  a  lifetime  for  the  ’S  state  which  is 
much  shorter  than  expected  for  a  spin-forbidden  decay  pro¬ 
cess.  Our  experiments  do  not  provide  any  direct  evidence  for 
any  of  the  possibte  decay  mechanisms.  However,  some  indi¬ 
rect  evidence  provides  support  for  a  collisionai  decay  chan¬ 
nel  through  the  B  ^11,  state. 

An  e.xpanded  potential  energy  diagram  for  the  A '  state 
and  near  isoenergetk  levels  of  the  B  '’fl  and  A  states  is 
shown  in  Fig.  9.  The  diagram  shows  that  the  lowest  vibra¬ 
tional  level  of  the/^ '  state  is  near  resonant  with  v  =  10  of  the 
B  state.  Also,  the  barrier  to  predissociation  for  the  A ' 
state  occurs  at  u'  13  of  the  B  state.  The  latter  observation 
provides  evidence  for  invoking  curve  crossing  to  the^ '  state 
as  the  mechanism  for  predissociation  of  the  B  state.'  Thus, 
both  collisionai  and  spin-orbit  coupling  to  the  B  state  might 
be  evident  in  the  spectrum  of  levels  10-12.  A  recent  study  of 
the  high-resolution  LIF  spectrum  from  the 
N;  (B  'n/ ,  10-6)  transition  revealed  no  apparent 
perturbations  in  the  rotational  levels  of  the  B  state.*^  In  addi¬ 
tion,  ho  other  studies  have  reported  any  perturbations  in  the 


FIO.  9.  Exploded  energy  level  diigram  of  the  4 '  state  redrawn  from  the 
resohs  of  Partridge  ex  o/.  (Ref.  12).  The  figure  illustrates  the  potential  for 
coupling  of  the '  andRstates. 


Spectra  of  levels  10-12.^’  Thus,  there  appears  to  be  no  direct 
evidence  from  the  spectroscopy  of  the  B  state  to  indicate 
spin-orbit  coupling  to  the  A '  state. 

Possible  evidence  for  collisionai  coupling  of  the  B  state 
to  the  '  state  comes  from  measurements  of  the  energy  pool¬ 
ing  rate  coefficient  to  form  the  B  state.  If  the  energy  pooling 
reaction  is  studied  using  an  Ar  buffer  gas,  much  of  the  infor¬ 
mation  on  the  distribution  of  vibrational  levels  populated  in 
the  B  state  is  washed-out  by  rapid  vibrational  relaxation.  If 
He  is  employed  as  a  buffer  gas,  vibrational  relaxation  is  less 
efficient,  and  much  of  the  nascent  vibrational  distribution  is 
preserved  in  the  emission  spectrum.  A  typical  spectrum  of 
emission  from  the  energy  pooling  reaction  from  560  to  720 
nm  using  He  as  a  buffer  gas  is  shown  in  Fig.  10.  In  contrast  to 
the  spectrum  of  Fig.  3,  a  strong  enhancement  in  the  popula¬ 
tion  of  V  as  10  of  the  B  state  is  observed.  This  enhancement 
has  been  previously  observed.*”  Thus,  it  would  appear  that 
collisionai  coupling  from  low  levels  (<;  =  0-4)  of  the  A '  state 
to  high  levels  (v— 10-12)  of  the  state  may  bean  important 
mechanism  for  the  decay  of  the  A '  state. 

If  the  main  loss  of  N,  (y4  ' )  is  through  collisionai  transfer 
to  N;  (ff ),  then  a  major  fraction  of  the  apparent  )  exci¬ 

tation  from  N-C/^)  energy  pooling  may  actually  proceed 
through  the  N,  ( C  ' )  channel  via  cascade  to  A  '  and  colli¬ 
sionai  transfer  to  B.  Indeed,  the  energy  pooling  rate  coeffi¬ 
cient  for  “direct"  production  of  N,  ( B)  by  two  N,  {A,v  =  0) 
molecules  as  measured  by  Piper,’”  is  (7.7  ±  l.l)  HlO"  ’’ 
cm^  molecule" '  s' comparable  to  his  value'”  ol 
(8.1  ±  2.3)  X 10"  "  cm'  molecule ' '  s ' '  for  production  o* 
N.lC*).  However,  it  appears  from  Piper’s  data*”  that  sub 
stantial,  truly  direct  production  of  N,  (B)  must  also  occur 
since  the  reaction  gives  enhanced  production  of  N.  (ff 
.T=  2)  and  vibrationally  excited  N.(.4)  clearly  favors  pro 
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FIG.  10.  Visible  emission  spectrum  of  N;  due  to  N,  ( /< )  energy  pooling  in  a 
dominantly  He  bulTer  gas.  The  enhancement  of  the  population  of  10  of 

the  B  state  is  indicated  in  the  inset  plot  of  the  vibrational  distribution. 


s  ~ The  production  of  Nj  lA')in  either  a  supersonic  jet  or 
in  a  rare  gas  matrix  may  reduce  the  collisional  coupling  to 
the  B  state  and  enable  a  more  rigorous  determination  of  the 
subility  of  this  state. 


CONCLUSKMIS 

We  have  observed  production  of  the  ’  1*  state  of  Nj 
via  (C'  ’n,  —A  '  )  radiative  cascade  from  the  energy 

pooling  of  ^1*  )  molecules.  However,  laser-induced 
fluorescence  on  the  C  *  '  ’2  *  transition  failed  to  de¬ 

tect  the  presence  of  A  '-state  molecules.  Based  on  simple  ki¬ 
netic  arguments,  we  place  an  upper  limit  on  the  lifetime  of 
the  A  ‘  state  under  our  experimental  conditions  of  0.3  ms. 
Observation  of  enhanced  emission  from  p  s  10  of  the  B  ^  FI , 
state  suggests  that  collisional  coupling  of  the  .<4 '  to  the  B  state 
is  responsible  for  the  decay  of  this  state.  This  coupling  pro¬ 
vides  a  significant  pathway  into  the  upper  triplet  manifold  of 
Nj  in  energy  pooling  and  atom  recombination,  via  a  mecha¬ 
nism  analogous  to  that  originally  proposed  by  Bayes  and 
Kistiakowsky.^ 


duction  of  N,  (B,  o<6)  over  N,  (B,  p  =  9-11 ).  Thus  it  ap¬ 
pears  that  only  a  fraction  of  the  N-  (/4  ' )  produced  is  convert¬ 
ed  to  NjCB.p).  The  remainder  may  be  quenched  through 
some  other  pathway,  or  may  appear  in  the  neighboring 
yv  'A,  or  B '  '2  ■  states,  which  are  known  to  be  rapidly  colli- 
stonally  coupled  to  the  B  ’fl,  state.-’ 

The  upper  limit  on  the  stability  of  the  A '  state  is  uncer¬ 
tain,  to  a  large  degree,  due  to  the  apparent  discrepancy  in  the 
theoretical'*  and  experimentally  inferred*’'  radiative  life¬ 
times  of  the  C  "  state.  Predissociation  of  the  C  *  state  can  be 
excluded  as  the  cause  for  the  apparent  reduced  lifetime.  The 
energy  pooling  rate  coefficient  would  have  to  be  significantly 
larger  than  gas  kinetic  in  order  to  produce  a  C '  -state  popula¬ 
tion  for  which  the  predissociation  rate  was  100  times  greater 
than  the  fluorescence  rate.  Similarly,  direct  coupling  of  the  C 
and  C  *  states  is  unlikely.  At  the  pressures  employed  in  most 
of  the  experiments  which  have  investigated  this  system,  ra¬ 
diative  decay  of  the  C  state  should  be  much  more  efficient 
than  collisional  energy  transfer  On  the  other  hand,  the  most 
quantitative  experimental  measurements  cover  a  limited 
pressure  range,  and  are  not  incon.sbtent  with  a  longer  radia¬ 
tive  lifetime  and  an  inefficient  (e.g.,  <10  '  \g?s  kinetic) 
rate  coefficient  for  electronic  quenching  by  the  inert  bath 
gas.  Clearly,  further  investigation  of  this  problem  is  warrant¬ 
ed. 

Our  e.xperiments  in  which  we  vary  the  N_,  concentration 
indicate  that  N.  is  not  primarily  resptmsible  for  coupling  of 
the  two  muuifc/iJs.  Ai  the  lowest  N.  concentrations  em¬ 
ployed.  a  gj '••kinetic  coupling  rate  coefficient  would  be  re- 
quired.to  couple  the  levels  and  significant  variations  in  theB 
state.  u  =s  10  enhancemc.-:t  w’ould  have  been  observed.  It 
would  appear  <r.ore  likely  that  Ar  or  He.  which  are  both 
present  in  much  greater  concentrations,  may  be  responsible 
for  the  courting.  In  this  case  the  effective  quenching  rate 
coefficient  could  be  a.s  small  as  3  /  10  cm’  molecule  ' 
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FURTHER  OBSERVATIONS  ON  THE  NITROGEN  ORANGE  AFTERGLOW 

Lawrence  G.  Piper 
Physical  Sciences  Inc. 

20  New  England  Business  Center 
Andover,  MA  01810 

ABSTRACT 

We  have  extended  earlier  observations  on  the  nitrogen  orange  afterglow  that  results 
from  the  excitation  of  N2(B  %g,v'  *1-12)  in  energy  transfer  reacticm  between  N2(A 
and  N2(X,v^4).  Spectral  observations  out  to  1550  nm  show  that  N^(B,v'*0)  accounts  for 
about  38%  of  the  total  N2(B)  excitation.  This  makes  the  rate  coefficient  for  N2(B)  excitation 
in  the  energy-transfer  reaction  between  N2(A)  and  N2(X,v;24)  (4±2)  x  10*'^  cm^ 
molecule*^  s’^  Experiments  involving  ^  isotopically  labeled 

^  principal  product.  This  demonstrates  that  the  mechanism  involves  electronic 
energy  transfer  from  the  N2(A)  to  the  N2(X,v).  The  vibrational  distributions  of  b^(B,v2i4) 
are  qualitatively  similar  whether  ^  excited,  being  diaiacterized  roughly 

as  a  5200  K,  Boltzmann  distribution,  although  the  magnitude  of  ^N2(B,v24)  excitation  is 
about  20%  larger.  In  contrast,  the  vibtonic  levels  of  ^^N2(B,v*0-2)  are  subsmntially  more 
excited  than  are  those  of  Interestingly,  the  overall  exdtatioo  rates  for  bodi 

^  ^  ^  within  20%.  Adding  ^^2^^  ^  ^  mixture  of 

N2(A)  with  results  in  quenching  of  ^%2^)  concomitant  excitation  of 

^%2(^)*  rete  coefficient  for  this  electronic  energy  exchange  reaction  is  (8  ±  2)  x 
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10*^^  cm^  molecule'^  s'^  about  2.5  times  greater  than  the  rate  coefficient  for  N2(B)  removal 

byN2. 


1.  INTRODUCTION 

The  nitrc^en  orange  afterglow  can  be  produced  in  a  discharge  flow  apparatus  by 
flowing  dilute  mixtures  of  nitrogen  in  helium  or  argon  rapidly  through  a  low  powo- 
microwave  or  radio  frequency  discharge.  ^  It  has  also  been  generated  in  a  high  voltage,  low 
current  discharge  in  static  mixtures  of  nitrogen  highly  dilute  in  argon  or  helium.^  This 
afterglow  is  distinctively  different  from  die  other,  better  known,  nitrogen  afterglows,  die 
Lewis-Rayleigh,  pink,  blue  and  greoi  afterglows.^*^  In  commcm  with  the  well-known 
Lewis-Rayleigh  afterglow,  die  orange  afterglow’s  primary  emisnon  features  to  the  red  of 
500  nm  ace  the  nitrogen  first-positive  bands,  h^(B%g-A^S'*'y).  However,  the  vibrational 
level  populations  of  the  first-positive  bands  in  the  orange  afterglow  decrease  monotonically 
widi  increasing  vibratitmal  level,  in  contrast  to  the  Lewis-Rayleigh  afterglow,  whoe  the 
pt^lations  of  vibrational  levds  10  dirmigh  12  are  elevated  relative  to  the  populations  of  the 
other  vibrational  levds.  Generally,  the  N2  B-state  vibrational  levd  populations  in  the  orange 
aftnglow  can  be  characterized  roi^hly  by  a  5000  K  Boltzman  distributitm. 

Spectral  observations  of  die  orange  afterglow  in  the  ultraviolet  reveal  tte  nitrogen 
V^ard-Kaidan  bands,  N2(A^Z^'^-X^Sg'*').  Ordinarily,  these  bands  are  difficult  to  detect  in 
nitrogen  afterglows  because  N2(A)  has  quite  a  long  radiative  lifetiine,^  about  2.5s,  and  is 
readily  quenched  by  nitrogoi  atoms.^  Nitrogen  atoms  are  generated  in  abundance  in  most 
nitrogen  discharges,  but  flowing  the  gases  rai^y  shortens  the  residence  time  in  the 
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discharge  sufficiently  to  reduce  the  production  of  atomic  nitrogen.  As  a  result,  metastable 
N2(A)  can  persist  in  the  flow  several  tens  of  milliseconds  downstream  from  the  discharge. 

Another  species  abundant  in  the  orange  afterglow  is  highly  vibratitmally  excited, 
ground-electronic-state  nitrogen.  Several  years  ago,  we  applied  a  Penning-ionizadon 
diagnostic  to  the  orange  afterglow.^*^  This  diagnostic  involves  introducing  metastable 
He(2^S)  to  the  afterglow.  A  Penning-ionizadon  reacdon  between  He(2^S)  and  vibradonally 
excited  nitrogen  results  in  excitadon  of  the  nitrogen  first-negadve  bands, 

X^Sg*^).  The  vibradtmal  distribudon  of  the  N2'''(B)  is  related  to  that  of  ground  state 
nitrogen  through  the  Franck-Condon  factors  that  couple'the  two  states.  The  N2'^(B,  v) 
distribution  observed  in  the  Penning-itmizadtm  process  can  be  inverted  to  give  the  vibrational 
distribution  of  the  vibradonally  excited,  neutral,  ground  electronic  state  nitrogen.  Our 
investigations  showed  tiiat  even  a  modest  discharge  power  of  SOW  was  sufficient  to  raise 
more  than  half  of  the  discharged  nitrogen  to  ctdted  vibrational  levds.^  Under  certain 
conditions,  the  Penning-imiization  reactUm  also  produced  some  N2'''(Q,  thereby 
demonstrating  the  presence  of  ground  electronic  state  nitrogen  molecules  carrying  at  least 
3.8  eV  in  vibrational  energy. 

In  a  series  of  observations  in  v^ch  N2(A)  and  N2(X,v)  were  generated  in  sqnrate 
sources  and  combined  subsequently,  we  ha^  shown  that  the  orange  afterglow  is  excited  in 
an  energy-pooling  reaction  between  N2(A)  and  N2(X,v).^  Exciting  N2(B,  v«l)  requires 
N2(X,v^S)  whereas  N2(X,v2 13)  is  required  to  generate  N2(B,v»12).  We  have  since  used 
this  energy  transfer  reacticm  to  study  the  quenching  of  vibrational  energy  in  ground  electronic 
state  nitrogen  by  a  variety  of  molecules.^ 
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This  paper  rqwrts  additional  observations  related  to  the  orange  afterglow.  We  have 
extended  spectral  observations  to  1350  nm  in  order  to  quantify  the  contribution  of  emission 
from  N2(B,v'  «0)  to  the  afterglow  radiation,  hi  addition,  we  have  mixed  isotopically  labeled 

^  demmistrate  that  ti»  excitation  mechanism  of  the  orange 
afterglow  involves  energy  transfer  from  ^^N2(A)  to  produce  ^%2(®)-  Fv^ther. 

we  find  adding  ^^2(^  ^  quench  the  ^%2^)  rosults  in  excitation  of  ^  vibrational 

levels  lower  than  those  of  the  ^%20B)  initially  excited. 


2.  EXPERIMENTAL 

The  experimental  4)paratus  (see  Figure  1)  is  a  2-in.  dianteter  discharge-flow  reactor 
configured  to  allow  qwctral  observations  akmg  die  flow  tube  axis.  The  ^^(A)  and  N2(X,v) 
entered  the  main  flow  leactra’  from  opfwsing  side  arms  at  the  reactor’s  iqMtieam  end.  This 
end  of  dm  flow  tube  was  sealed  widi  a  CaF2  window  having  uniRmn  transmisskm  over  the 
spectral  range  investigated  in  these  studies,  200  to  1800  nm. 

The  N2(A)  was  generated  by  die  energy  transfer  reaction  between  metastable 
Ar*(^0  2)  end  ^2’  reaction  pfodimes  N2(C^ny)  which  radiates  immediately  to 

the  N2(B%^)  state.  Subsequent  radiative  and  collisional  cascade  from  N2(B%g)  makes  the 
highly  metastable  N2(A^2\i'*').  A  low-power,  hoUow-cadiode  discharge,  sustained  in  a  flow 
of  5  to  10%  argni  in  helium,  produces  the  At*.  The  N2  then  is  mixed  widi  the  Ar* 
downstream  from  the  discharge. 

A  microwave  discharge  sustained  in  a  flow  of  0.3  to  3%  nitrogen  in  hdium  generates 
the  N2(X,v).  The  discharge  efflux  flows  through  a  nickd  screen  prior  to  entering  the  main 
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reactor.  The  nickel  screen  removes  molecular  metastables  other  than  N2(X,v)  and 
recombines  most  of  the  nitrogen  atoms  produced  in  the  discharge.^* 

Either  mass-flow  meters  or  rotameters  measured  gas  flow  rates.  All  flow  meten  had 
been  calibrated  eitl^  by  measuring  the  variation  of  pressure  with  time  ulien  die  gases 
flowed  into  a  calibrated  volume,  o.  by  comparison  with  a  standard  mass  flow  meter.  The 
cylinders  of  nitrogen  used  for  generating  the  N2(X,v)  were  connected  to  a  T-valve  which 
could  be  rotated  to  admit  either  ^^2  ^  discharge.  This  allowed  die  isotopic 

sources  of  N2(X,v)  to  be  switched  rapdly  to  allow  comparison  between  the  two  N2(X,v) 
sources  untter  otherwise  similar  conditirms. 

A  0.5m  monodiromator  was  used  to  make  spectral  observations  along  the  axis  of  die 
main  flow  tube.  F<v  measurements  between  200  and  900  nm,  the  monochromator  had  a 
1200  line  mm~^  gratiiig  blaaed  at  250  nm.  A  thermoelectiically  cooled  HTV  R943-02 
photomultiplier  tube,  connected  to  a  jdioton-counting  rate  meter  and  lab  computer,  detected 
the  photons.  For  spectral  observations  between  700  and  1500  nm,  the  monochromator  had  a 
300  line  mm'^  grating  blazed  at  1.0  nm  and  a  liquid  nitn^en  cooled,  intrinsic  germanium 
detectm  measured  fluorescence.  In  the  inflated  measurements,  light  flom  the  flow  reactor 
was  chqiped  prior  to  entering  die  monochromatm,  and  a  lock-in  amplifier  connected  to  die 
lab  computer  processed  the  signals  flom  the  intrinsic  germanium  detector. 

The  spectra  observed  under  the  various  sets  of  conditions  were  analyzed  using  die 
qwctral  fitting  (nocedute  we  have  detailed  previously.  Synthetic  spectra  are  generated  by 
first  multiplying  a  set  of  vibronic  level  populations  by  a  set  of  basis  functions  rqiresenting 
the  intenaty  of  a  unit  population  of  each  vibronic  level  as  a  function  of  wavdengdi.  The 
intensities  of  each  band  at  each  wavelengdi  increment  are  then  summed  to  determine  an 
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ovenil  qwctiai  intensity.  A  least  squares  program  varies  the  populaticms  of  each  vibronic 
level  to  determine  the  set  giving  a  spectrum  that  best  matches  the  one  observed 
experimentally.  The  important  spectral  features  between  200  and  400  nm  were  the  nitrogen 
Vegard-Kaplan  bands,  N2(A^Eu‘*'  -  nitrogen  second-positive  bands,  N2(C%„  - 

B%g),  and  nitric  oxide  gamma  bands,  NO(A^£'*'  -  X^II).  The  only  aignificam  spectral 
features  in  the  visible  and  infiared  were  tfm  nitrogen  first-positive  bands,  N2(B%g  - 

The  spectral  fitting  procedure  was  essential  to  the  analysis  because  emissions  from 
^  highly  overlapped  with  those  from  ^^N2(B).  Our  qwctra  cover  a  number  of 
different  vibronic  sequences,  however,  and  the  degree  of  overia|>  between  vibronic  levels  in 
one  sequence  is  quite  different  from  those  in  the  other  sequences. 

We  used  fee  spectroscopic  constants  of  Roux  et  al.^^*^  mr  Lofttius  and  Krupenie^^  in 
generating  the  synthetic  nitrogen  spectra.  Einstein  coefficients  for  N2(A-X)  were  from 
Shemansky,*^  those  for  ^^2^^  -  A)  from  Piper  et  al.,^^  N2(C-B)  from  Lofihus  and 
Krupenie,^^  and  NO(A-X)  from  Piper  and  Cowles.  We  calculated  a  set  of  Einstein 
confidents  for  ^  transititm-moment  function  of  Pqier  et  al.^^  and  a  set  of 

Franck-Contkm  fectm  feat  we  calculated  for  procedures  outlined 

previously.  The  Einstein  coefficients  for  <ii^eted  little  from  diose  for 

3.  RESULTS 

We  showed  previously  that  mixing  flows  of  N2(X,v)  and  N2(A^E^)  generates  foe 
orange  afterglow  of  nitrogen^  which  is  characterized  by  nitrogen  first^xmtive  mnission, 
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Now’ll,  -  A^Sy).  Nfixing  generates  the  orange  afterglow, 

but  in  this  case  the  emission  is  predominantly  from  ^^N2(B).  Adding  increasing  amounts  of 
vibratitmally  cold  ^^2^^  ^  ^  reactor  shifts  the  spectrum  from  ^%2^)  emission  to  diat 
from  ^^2(^)‘  Pnivilov  et  al.^  noted  similar  behavior  in  their  study  on  N2(B)  fluorescence 
excited  by  N-atom  recombination  involving  and 

The  experimental  procedure  consisted  of  measuring  nitrogen  first-positive  spectra 
generated  using  first  ^%2CK>v)  and  then  ^  ^  function  of  the  number  density  of 

added  cold  ^%200*  procedure  allou^  direct  comparison  of  the  two  N2  (X,v)  sources 
at  constant  conditions.  It  also  permitted  exti^lation  of  the  q)ectrai  intensities  of  the 
^^N2(B*A)  to  zero  partial  pressure  of  Studies  between  200  and  900  nm  also  involved 
<^nning  the  Vegard-Ka|tian  bands  for  each  set  of  conditions  to  conect  for  variations  in 
N2(A)  number  density.  The  expoimental  conditions  for  the  infoared  studies  exactly  matched 
tiiose  for  the  visible/UV  measurements  to  ensure  comparable  number  densities  of  N2(A)  and 
N2(X.v). 

The  number  densities  of  N2(X,v)  in  the  observation  r^ion  were  deemed  to  vary 
Unearly  with  the  flow  rate  of  in  the  mictowave  disduuge.  We  confirmed  tins  supposition 
(see  Figure  2)  by  observing  that  tiie  intensitfos  of  several  nitrogen  first-positive  bands 
increased  linearly  witii  the  flow  rate  of  nitrogen  through  the  mictowave  discharge  under 
otherwise  constant  conditions.  This  behavior  is  expected  because  the  effective  vibrational 
temperature  of  I^(X,v)  varies  little  at  low  nitrogen  mole  fractions  in  the  discharge,^  «0.0S. 
This  ptoportioiiali^  allowed  us  to  normalize  our  observations  to  common  conditions. 

Figures  3  and  4  show  how  the  visible  spectrum  of  nitrogen  first-positive  bands, 
excited  from  N2(A)  energy  transfer  to  changes  when  a  substantial  amount  of  cold 

7 

109 


‘^2  is  added  to  the  reactor.  Figures  S  and  6  show  near  infrared  q)ectra  under  conditions 
similar  to  those  of  Figures  3  and  4.  The  shift  from  primarily  ^  V2(B-A)  bands  at  a  ^^2 
partial  pressure  of  19  mtoir  to  primarily  ^^20^^)  bands  at  a  ^^2  pvtial  pressure  of 
132  mtorr  is  particularly  noticeable  in  the  shorter  wavelength  spectra.  The  variation  at 
longer  wavelengths  is  more  subtle,  but  significant  enough  that  the  spectral  fitting  procedure 
can  differentiate  the  two  isotq;nc  emissions  easily.  Relative  populations  for  N2(B,v»  1-S) 
under  constant  ctmditions  are  the  same  whether  determined  from  spestxal  scans  between  SOO 
and  900  nm  or  700  and  1300  nm. 

The  following  set  of  reactions  provides  a  fiameworic  for  analyzing  these  observations: 


+  N2(X‘E  J  ,y)  -»  N2(B%,)  +  N2(X.v')  (1) 

N2(Bhl^  -  N2(A*E+)  +  h>  (2) 

N2(B%j)  +  Nj-N2<X)  +  N2  (3) 

>’N2(B)  +  %(X)  -  *’N2W  +  '^2(B)  •  W 


The  tint  diiee  leactkiiu  cm  be  subdivided  dqjeadint  upon  whether  ’^2(^>'')  *^20(>v) 

flows  into  the  leactor,  ind  wiil  be  denoted  in  subsequent  kinetic  equitions  by 
etc.,  when  necessary. 

The  rate  of  change  in  die  number  density  of  N2(B)  widi  time  is 

-  k,p»2(A)IN2(X.v)]  -  {k2  *  ® 

This  reaction  is  in  steady  state  within  the  field  of  view  so  that  the  excitation  and  decay  rates 
can  be  equated.  As  a  result 
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(n^cb)]  - 

I  2^  k2  .  k^2] 


(6) 


Since  ^  intouity  of  molecular  fluorescmce  equals  the  product  of  the  excited  state 
number  density  and  its  radiative  decay  rate,  Eq.  (6)  can  be  rearranged  to  give 


[N2(A)][N2(X.v)]  ^  1  ^  k3 


‘N2(B) 


ki  kikjl 


(7) 


A  plot  of  the  left-hand  side  of  Eq.  (7)  against  the  N2  number  density  should  be  linear  with  an 
intercqpt  that  is  the  reciprocal  of  the  exdtatUm  rate  co^Gdent,  and  a  slope  that  is 
prc^xtftional  to  the  total  quenching  rate  coefficient.  Only  relative  exdtaticm  rate  coefficients 
can  be  determined  unless  one  measures  absolute  jrfioton  emission  rates.  In  this  study  we 
determined  rdative  exdtatioa  rate  coefficients  by  dividing  the  product  of  the  relative  number 
densities  of  N2(A)  and  N2(X,v)  by  the  observed  band  intenaties  and  extrapolating  diis 
quantity  to  zero  ^%2  P>itial  pressure. 

Figure  7  shows  how  die  relative  exdtadon  rate  coefficients  vary  widi  N2(B) 
vibrational  level.  We  normalized  the  rdsuive  rate  codlident  for  N2(B,v'»0)  to  die  othen 
by  multqdying  it  by  die  ratio  of  the  relative  rate  coefficients  to  N2(B,v»  1-S)  ddermined  in 
^lecttal  scans  between  500  and  900  nm  to  those  determined  torn  scans  between  700  and 
1500  nm.  The  rdative  rate  coefficients  to  N2(B,  v'  ^O)  exdtation  are  essentially  die  same 
to  exdtation  fimn  ^2^  **  ^^2^^  exdtation,  but  substantial  differences  exist  to 

most  of  the  other  vibrational  levels.  Vibrational  leveb  1  and  2  are  exdted  much  more 
efficiently  from  ^  remaining  vibrational 

levels  exdtation  frmn  ^  efficient. 
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The  relative  excitation  rate  coefficients  for  vibrational  levels  v'  *4  and  above 


essentially  follows  a  Boltzmann  distribution  with  a  vibrational  tempoature  of  roughly  5200  K 
for  both  N2(X,v)  isotc^.  In  large  part,  the  distribution  in  excitation  rate  coefficients  with 
vibrational  level  is  det^mined  by  the  number  densities  of  the  N2(X,v)  vibrational  levels  from 
which  the  N2(B,v)  were  excited.  We  have  shown  previously  that  the  N2(X,v)  distribution 
does  not  follow  a  Boltzmann  distribution,  rather  a  modified  Treancv  distribution.^*^ 
Interestingly,  the  characteristic  temperature  of  this  modified  Treanor  distribution  is  on  the 
order  of  5000  K  for  discharge  conditions  similar  to  those  used  in  these  studies. 

Figures  8  and  9  show  the  variation  in  the  ratio  of  the  product  of  the  number  densities 
of  N2(A)  and  N2(X,v)  to  the  tmal  N2  first-poative  band  intensity  as  a  function  of  ^^2 
number  density.  Figure  8  is  for  the  excitation  of  vibrational  levds  zero  through  five,  the 
near  intirared  data,  and  Figure  9  ftv  tiie  visible  data,  vibrational  levels  one  throi^  twelve. 
Both  plots  include  data  from  ^%2^)  exdtatkm  and,  for  compaxison  purposes,  from  ^^2^) 
excitation.  The  intercepts  on  each  plot  to  the  ^^2  ^  ^  ^  essentially 

the  same.  This  indicates  that  the  total  rate  coefficient  for  ^N2(X,v)  excitation  is  the  same  as 
that  for  excitation  within  the  limits  of  experimental  error  which  are  ±20%. 

The  ratio  of  the  slope  far  ^N2(B)  excitation  to  tiutt  for  excitation  is  the  same 

in  both  Figures  8  and  9.  This  ratio  indiemes  the  rate  coefficient  for  Quenching  by 

^^2  ^  greater  than  that  for  ^^2^^)  quenching  by  ^%2‘  suqwct  that 

tlm  reason  for  tiiis  large  difference  is  because  ^N2(B)  can  be  removed  not  only  by  electronic 
quenching  to  N2(^)  ^  ^  energy  transfer  to  lower  vibrational  levels  of 

While  this  latter  process  undoubtedly  occurs  in  ^^2^^  ^  ^ 

indistinguishable  from  a  lack  of  quenching. 
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In  the  case  of  ^^2^)  excitation  by  energy  transfer  from  ^ 

differential  equation  for  the  rate  of  change  in  the  ^^N2(B)  number  density  as  a  function 


time  is 


3!!^  .  m5Mj(B)jMN2]  -  {Uk2  .  Mk3(N2])(MN2(B)] 


Here  again,  the  ^^2^)  ^  steady  state  so  tlud  we  can  equate  its  formation  and  destruction 

rates.  Rearranging  Eq.  (8)  gives 


1%  ^  1% 


Figure  10  shows  our  data  plotted  in  a  form  compatible  widi  Eq.  (9).  The  slope  in 
Figure  10  indicates  that  »  (8.0  ±  2.0)  x  10“^^  cm^  molecule*^  s'^  Multiplying  this  rate 
coefficient,  i.e.,  1^,  by  the  intercqit  in  Figure  10  gives  the  rate  coefficient  for  ^^2^) 
quenching  by  (3.2  ±  0.4)  x  cm^  molecule'^  s'^  This  rate  coeffident  agrees 
nicely  with  other  rqwrted  values  for  global  quenching  rate  coefficients  of  N2(B)  by 
N2.^*^^'^  Note  also  diat  the  ratio  of  these  two  rate  coefficients,  l^Ac3,  is  2.4  ±  0.3,  the 
same  as  the  ratio  obtained  from  the  analysis  related  to  Figures  8  and  9. 
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4.  SUMMARIZING  REMARKS 

Table  1  summarizes  the  results  of  this  study.  Initially^  we  had  reported  k|  as 
3  X  10'^^  cm^  molecule’^  s‘^  but  subsequently  revised  this  value  upwards  by  16%  to  correct 
for  having  discounted  N2(B)  quenching  by  CH4.^  Our  recent  revision  of  the  N2(A>X) 
Einstdn  coefficients^  indicates  we  underestimated  N2(A)  number  densities  by  about  25%  in 
our  earlier  study.  The  results  of  this  study  show  that  N2(B,v'=0)  accounts  for  about  40%  of 
the  total  N2(B)  excitation.  Incorporating  this  value  with  the  two  above  mentioned  corrections 
makes  the  total  rate  coefficient  for  excitation  into  all  vibrational  levds  of  N2(B)  kj«(4  ±  2) 

X  10'^^  cm^  molecule*^  s‘^. 

Our  results  show  that  a  substantial  fraction  of  N2(B)  quenching  by  ground  electrcmic 
state  nitrogen  is  an  energy  exchange  reaction  where  molecules  in  higher  vibrational  levels  of 
N2(B)  transfer  some  of  their  energy  to  the  quenching  molecule  exciting  it  to  a  lower  Restate 
vibrational  level.  This  process  is  in  effect  a  form  of  vibrational  relaxatimi  in  the  B  state. 
Interestingly,  N2(B)  vibrational  distributions  excited  in  processes  such  as  N-atom 
recombination^^  or  N2(A)  energy  pooling^^  are  relaxed  only  modestly  at  high  nitrogen 
partial  {wessures,  although  the  overall  emission  rates  are  significantly  diminished.  This  is 
quite  unlike  the  situation  in  an  argon  bath  where  significant  distortion  of  the  nascent  h^(B) 
vibrational  distribution  from  these  two  excitation  processes  is  evident  even  at  pressures  as 
low  as  1  torr.^^»^ 

Another  product  channel  to  N2(B)  quendiing  by  N2  will  be  the  reverse  of  reaction  1, 
i.e.,  the  production  of  N2(A)  and  N2(X,v).  This  undoubtedly  is  the  major  pathway  by  which 
nitrogen  diat  is  excited  by  metastable  argon  energy  transfer^^*^^  is  channeled  into  the  A 
state.  Metastable  argon  excites  N2(C^ny)  which  radiates  to  N2(B%g)  in  about  40  ns.^^ 
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However,  further  radiative  cascade  tom  N2(B)  to  N2(A)  via  first-positive  emission  is  too 
slow  to  compete  with  collisional  processes  at  normal  nitrogen  partial  pressures  downstream 
tom  a  metastable  argon  producing  discharge.  Thus  the  N2(A)  must  be  produced 
predominantly  by  collisional  processes.  It  is  not  coincidental,  therefore,  that  our  measured 
rate  coefficients  for  reaction  1  and  its  reverse  (essentially  reaction  3)  are  identical. 
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Table  1.  Rate  Coefficients  for  Energy-Transfer  Reactions  Involving 


N2(B%g),  and  Njjx^Eg) 


Reaction 

Rate  Coefficient^ 

Nj(A)  .  N2(X,v)  kj  N2(b%J  ♦  N2(X) 

4±2 

ki(l5N2  (X,v)) 

1.0  ±  0.2 

ki(l+N2  (X,v)) 

*%2(B)  +  '^200  -  ‘^2(B)  +  “N2(X) 

8  ±2 

+  N2(X)  -  2N2(X)  or  N2(A)  +  N2(X) 

3.2  ±  0.4 

a.  Units  of  rate  coefficients  are  10*^^  cm^  molecule'^  s~^. 
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Figure  1. 

Figure  2. 

Figure  3. 


Figure  4. 

Figure  S. 

Figure  6. 

Figure  7. 

Figure  8. 
Figure  9. 
Figure  10. 


Figures  Captions 

Dischai^e-flow  reactor  for  observing  fluorescent  emissions  from  metastable 
energy  transfer  processes. 

Variatitm  in  the  intensity  of  several  N2  first-positive  bands  excited  from  the 
interaction  of  N2(A)  with  N2(X,v)  as  a  function  of  the  nitrogen  mole  fraction 
in  the  discharge. 

Nitrogen  first-positive  emission  between  700  and  900  nm  generated  from  the 
reaction  of  N^CA)  in  the  presence  of  19  mtorr  of  ^^2^0* 

The  light  line  is  the  experimental  spectrum  while  the  heavy  line  shows  the 
synthetic  fit  to  the  experimental  spectrum. 

Nitrogen  first-positive  emissitm  between  700  and  900  nm  generated  from  the 
reaction  of  ^2^^)  in  the  presence  of  132  mtorr  of 

Nitrogen  first-positive  emission  between  1000  and  1500  nm  generated  from  the 
reaction  of  in  the  presence  of  19  mtorr  of 

Nitrogen  first-positive  emission  between  1000  and  1500  nm  generated  from  the 
reaction  of  ^(A)  in  the  presence  of  240  mtorr  of 

Relative  rate  coefficients  for  exciting  N2(B,v)  in  the  energy  transfer  reaction 
between  N2(A)  and  N2(X,v). 

Stem  Volmer  quenching  pkH  for 

Stem  Volma*  quenching  plot  for  ^ 

Ratio  of  the  number  densities  of  ^  ^  ^  function  of  the 

reciprocal  of  the  ^%2  numb»  density. 
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Figure  9 


128 


Figure  ^ 
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RMvaluatfon  of  the  transition-moment  function  and  Einstein  coefficients 
for  the  N2(4  transition 

Lawrence  6.  Piper 

Physical  Scicnets  Inc.  Andaicr,  Massachusetts  01810 
(Received  4  December  1992;  accepted  28  April  1993) 

We  have  measured  the  relative  intensities  of  the  nitrogen  Vegard-Kaplan  bands  ’2^- 
X  )  for  transitions  covering  a  range  in  r  centroids  between  1.22  and  1.48  A.  With  this  data 
we  constructed  a  relative  electronic  transition  moment  function  that  diverges  significantly  from 
previously  reported  functions.  We  place  our  data  on  an  absolute  basis  by  normalizing  our 
relative  function  by  the  experimentally  determined  Einstein  coefficient  for  the  v'sO  to  o" =6 
transition.  Combining  our  normalized  daU  from  1.22  to  1.48  A  with  absolute  transition  moment 
daU  measured  by  Shemansky  between  1.08  and  1.14  A  results  in  a  function  covering  the  range 
between  1.08  and  1.48  A.  The  radiative  lifetimes  calculated  from  this  functum  are  longer  than 
those  currently  accepted  by  amounts  varying  between  2S%  for  v'=0%-i0%  for  i>'=s4-6. 


I.  INTRODUCTION 

For  most  of  the  last  20  years,  the  radiative  lifetime  of 
Njf/l  )  has  been  accepted  to  be  1.9  s.  This  lifetime  and 
the  associated  Einstein  coefficients  for  ^1^-X  'Z^) 
transitions,  the  Vegard-fCaplan  bands,  are  based  on  She- 
mansky’s*  measurements  of  the  absorption  coefficients  of 
the  6-0  through  12-0  Vegard-fCaplan  bands  in  the  vacuum 
ultraviolet  and  his  reanalysis^  of  a  measurement  by  Carle- 
ton  and  Oldenberg^  of  the  Einstein  coefficient  of  the  0-6 
transition. 

Carleton  and  Oldenberg^  simultaneously  measured  the 
absolute  photon-emission  rate  of  the  0-6  Vegard-Kaplan 
band  and  the  absolute  number  density  in  v'^O  of  the  A 
state  via  resonance  absorption  on  the  1-0  transition  of  the 
nitrogen  first-positive  system  ^Z,  ).  Sheman¬ 

sky  and  Carleton^  corrected  the  origin^  data  with  an  im¬ 
proved  set  of  line  strength  factors  needed  to  analyze  the 
absorption  measurements  correctly.  Assuming  that  the  ex- 
perimoital  observations  of  Carletra  and  Oldenberg  are  ac¬ 
curate,  and  that  the  reanalysia  of  the  absorption  measure¬ 
ments  is  correct,  then  the  derived  Einstein  coefficient  for 
the  0,6  Vegard-Kaplan  band  depends  directly  on  the  ac¬ 
curacy  of  the  Einstein  coefficient  for  the  1,0  band  of  the 
first-positive  system.  Shemansky  and  Carleton  used  the 
value  of  8.48X  10*  s~'  calculated  by  Shemansky  and  Val- 
lance  Jones*  using  the  Franck-Ckmdon  factors  of  Benesch 
et  aO  and  Jeunehomme’s*  transition-moment  function. 

Several  years  ago,  we  questioned  the  accuracy  of  some 
of  the  input  data  used  to  analyze  the  Carleton  and  Olden¬ 
berg  experiment^  and  suggested  that  the  radiative  lifetime 
of  N2(A,  vmO)  could  be  40%  larger  than  the  accepted 
value.  Werner  et  al*  ah  initio  calculations  of  the  electronic 
transition  moment  for  the  Njf  B  ^Z^ )  transition  ap¬ 
peared  to  support  our  contention.  Their  results  indicated 
the  accepted  values  f<v  the  radiative  lifetimes  of  the  lowest 
vibratk)^  levels  of  N2(R)  were  probably  seriously  in  er¬ 
ror,  perhaps  being  as  much  as  40%  too  low.  This  suggested 
to  us  that  the  Einstein  coefficient  for  the  N2(R-./4)  1,0 
tranaitkm  could  be  in  error  by  a  like  amount.  The  result 
then  would  be  a  40%  error  in  the  N2(.<4)  lifetime 


derived  from  the  Carleton  and  Oldenberg  experiment 

Our  subsequent  experimental  determination’  of  the 
SiiB-A)  transition-moment  variation  confirmed  Werner 
et  aL  set  of  theoretically  calculated  lifetimes.  The  corrected 
value  of  the  1,0  F-inttein  coefficient  of  the  N2  first-positive 
system  7.48  x  10*  s~’,  however,  is  only  12%  less  than  that 
of  Shemansky  and  Vallance  Jones.  This  reasonable  agree¬ 
ment  between  the  two  Ftii«t»«n  coefficients  is  fortuitous 
because  the  two  transidon-moment  functions  happen  to  be 
close  together  at  the  intemuclear  separation  appropriate  to 
the  1,0  transition.  They  diverge  widely  at  other  intemu¬ 
clear  separations  and  give  much  different  Einstein  coeffi¬ 
cients  for  other  important  transitions. 

The  uncertainty  in  the  datt  used  to  derive  the  Einstein 
coefficients  for  the  Vegard-Kaplan  bands  is  stated'  to  be 
about  20%.  Malting  a  12%  correction  to  these  Einstein 
coefficients,  therefore,  hardly  seems  justified.  However,  our 
difficulties  fitting  Vegard-Kaplan  spectra,  particularly  at 
wavelengths  larger  than  400  nm,  indicated  that  the  stope 
of  the  transition-moment  function  might  be  errant  A  re¬ 
investigation  therefore  seemed  warranted. 

We  have  measured  relative  intensities  in  a  number  of 
Vegard-Kaplan  bands  covering  a  range  of  wavelengths  be¬ 
tween  220  uid  SOO  nm.  The  transition  moment  function  we 
derive  from  these  data  differs  significantly  from  those  pre¬ 
viously  proposed."^'*  Einstein  coeflicients  calculated  with 
our  transition-moment  function  are  up  to  60%  smaller 
than  those  Shemansky  published  and  our  calculated  radi¬ 
ative  lifetimes  are  between  25%  and  60%  longer  for  v'  sO- 
6. 

II.  EXPERIMENT 

The  experimental  apparatus  (see  Fig.  1 )  is  a  2  in.  di¬ 
ameter  discharge-flow  reactor  configured  to  allow  spectral 
observations  along  the  flow  tube  axis.  N2(i4)  entered  the 
observation  vessel  from  a  sidearm  normal  to  the  flow  tube 
axis,  but  parallel  with  and  just  in  front  of  the  slits  of  the 
monochromator  used  for  the  spectral  measurements.  A 
CaF2  window  sealed  the  upstream  end  of  the  flow  tube. 
The  win^w  transmission  is  nearly  uniform  over  the  spec- 
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no.  1.  Diichar|e-flo»  eacior  for  otMcrving  Nj(^  'i;^) 
emiigioB* 

tral  range  investigated  in  these  studies  22O-S00  nm.  Small 
reductions  in  transmission  at  the  shortest  wavelengths 
were  incorporated  into  the  data  analysis. 

The  energy  transfer  reaction  between  meta^able 
Ar*(^i>'a2)  •od  Nj  (Rds.  13  and  14)  generated 
This  reaction  produces  N2(C  ^TI.)  which  radiates  immedi¬ 
ately  to  the  Ni(  S  )  state.  Subsequent  radiative  and  col- 
lisional  cascade  from  NjCR)  makes  the  highly  metastable 
N2(i4  ).  A  low-power,  hollow-cathode  discharge,  sus¬ 

tained  in  a  flow  of  argon  or  5%~10%  argon  in  helium 
IMOduced  Ar*.  N2  mixed  with  At*  downstream  from  the 
discharge.  Hdium  bath  gas  relaxes  the  vibrational  distri¬ 
bution  of  N2(i4)  so  that  only  v\2  is  observed  (see  Hg.  2). 
In  an  argon  bath  gas,  emission  ftom  tf'<4  is  readily  ob¬ 
served  (see  Fig.  3). 

A  0.3  m  monochromator  having  a  1200  linemm~' 
grating  blazed  at  230  nm  collected  and  dispersed  radiation 
emanating  ftom  the  flow  tube.  A  themoelectrically  cooled 
HTV  R943-02  photomultiplier  tube  connected  to  a 
photon-counting  rate  meter  and  lab  computer  detected  the 
dapersed  radiation. 

The  relative  variation  in  monochromator  response  as  a 
function  of  wavelength  was  determiiied  ftom  measure¬ 
ments  of  the  spectra  emitted  from  standard  O2  ( 180-400 
nm)  and  quaitz-^ialogen  lamps  (280-300  nm)  (Optronk 
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no.  2.  Emnsioa  between  213  and  430  nm  Cram  N](/4)  in  h^um.  Note 
that  the  (21  bend  of  the  N;(C-g)  syitcm  »  beialy  visM  at  338  nm. 
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380  400  420  440  460  480  SOO 


WaveMngih  (nm) 


no.  3.  Fmiwion  between  380  and  SOO  nm  from  Njfil)  in  aifon. 

Laboratories).  The  lamp  output  was  reflected  into  the 
monochromator  off  a  u^ormly  scattering,  diffuse  white 
target  (Spectraloo).  This  ptoMdure  ensured  that  the 
monochromator  optics  were  filled  and  eliminated  possible 
errors  resulting  frm  such  things  as  nonuniformities  in  re¬ 
flectivity  across  the  fhee  of  the  grating  or  in  sensitivity 
across  the  Cme  of  the  (dwtomultiplier.  The  two  lamps  gave 
congruent  response  Ametions  (within  3%)  over  the  spec¬ 
tral  region  common  to  them  both,  280-400  nm. 

Most  of  the  spectra  were  generated  at  conditions  that 
minimized,  as  much  as  possible,  interfering  emissions  from 
the  nitrogen  second-positive  bonds  N2(C'n.-ff  ^IT,)  and 
the  NO  gamma  bands  NO(i4  ^Z'^’-AT^ri).  N2(.4)  energy 
pooling  reactions  generate  the  second-positive  emission'^ 
while  the  energy  transfer  reaction  between  N2(i4)  and  NO 
excites  the  gamma  bands.^  The  hollow  cathode  discharge 
makes  small  number  densities  of  NO  from  the  impurities  in 
the  gases  used.  The  advantage  of  the  axial  observiuion  «»- 
figuration  is  that  band  intensity  measurements  with  good 
signal  to  noise  ratio  can  be  made  with  N2(/4)  number  den¬ 
sities  sufBciently  low  that  N2(C^n«)  i»oduction  ftom 
N2(^)  energy  pooling  is  reladvdy  minor,  and  at  total  pres¬ 
sures  low  enough  to  keep  NO  production  rates  in  the  d.c. 
discharge  small 

A  spectral  fitting  procedure  we  have  detailed  previ¬ 
ously’  aided  data  analysis.  Synthetic  spectra  are  generates 
by  ^  multiplying  a  set  vibtonic  level  populations  by  a 
set  of  basis  ftinctions  representing  the  intensity  of  a  unit 
population  of  each  vibronic  level  as  a  function  of  wava- 
length.  The  intensities  of  each  band  at  each  wavelength 
increment  are  then  summed  to  determine  an  overall  spec¬ 
tral  intensity.  A  least  squares  solution  determines  the  set  of 
vibronic  levd  populations  giving  a  predicted  spectrum  that 
best  matches  the  experimental  one.  The  important  spectral 
featikCs  between  200  and  300  nm  are  the  nitrogen  Vegard- 
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Kaplan  bands  N}(i4  ^XJ'-AT  *2^),  nitrogen  second- 
positive  bands  NjCC^n.-A  ^11,),  and  nitric  oxide  gamma 
bands  NOM  *2+-jr*n). 

To  generate  synthetic  spectra,  we  used  the  spectro¬ 
scopic  constants  of  Roux  et  aL  for  the  ^  and  B  elec¬ 
tronic  sutes  of  Nj,  those  in  Lofthus  and  Krupenie"  for  the 
C  and  X  states  of  Nj.  and  those  tabulated  in  Huber  and 
Herzberg”  for  NO  A  and  X.  Einstein  coefficients  used  in 
the  fit  were  from  Lofthus  and  Krupenie  for  NiCC-R) 
(Ref.  18)  and  Piper  and  Cowles  for  NO(/4-.T).^  We  cal¬ 
culated  a  set  of  Franck-Condon  factots  and  r  centroids  for 
N2(A-X)  using  procedures  we  have  outlined  previously.^' 
These  Franck-Condon  factors  are  quite  similar  to  those 
calculated  by  Benesch  etal^  which  are  tabulated  in 
Lofthus  and  Krupenie." 


III.  TRAHemON  MOMENT  VARIATIONS 


Our  data  analysis  is  based  on  the  r<entroid  approxi¬ 
mation  as  first  described  by  Fraser^  and  develop^  by 
Nicholls^  and  McCallum.^^  The  intensity  of  radiative 
emission  from  an  electronic  transition  is  given  by  the  prod¬ 
uct  of  the  upper  state  number  density  and  the  Einstein 
coefficient  for  spontaneous  radiation 


I N fjiA  »  (1) 

The  Einstein  coefficient  A„‘„-  can  be  written  as 
64ir*  j  _ 


ments  of  the  A  state  of  nitrogen  exist.  What  is  available  is 
Carleton  and  Oldenberg's''  determination  of  the  Einstein 
coefficient  of  the  0.6  band  of  Njlil )  as  reanalyzed  by  She- 
mansky  and  Carleton^  and  corrected  here  for  the  improved 
value  of  the  Njl  B-A )  Einstein  coefficient. 

Another  method  for  obtaining  absolute  transition  mo¬ 
ment  values  is  from  oscillator  strengths  determined  from 
absorption  measurements.  The  transition  moment  in  this 
case  is  given  by 

if 

Shemansky  measured  a  set  of  oscillator  strengths  for  the 
absorptions  from  of  the  X  state  to  v' »  5-12  of  the 
state.  These  values  can  be  converted  to  transition  moments 
over  the  range  of  internuclear  separations  between  1.084 
and  1.129  k. 

Our  measurements  of  relative  intensities  of  bands  in 
four  different  progressions  of  the  Vegard-Kaplac  band  sys¬ 
tem  establish  the  shape  of  the  transition  moment  function. 
Shemansky  and  Cartemi’s  Einstein  coefficient  for  the  0,6 
band  normalizes  our  data  to  give  an  absolute  transition 
moment  function  for  internuclear  separations  between  1.22 
and  1.48  A.  Finally,  combining  our  normalized  data  with 
the  results  of  Shemansky’s  absmpdon  measurements  re¬ 
sults  in  a  transition  moment  function  covering  the  range  of 
internuclear  separations  between  1.08  and  1.48  A. 

IV.  RESULTS 


where  is  the  Franck-Condon  factor  for  the  transition; 

is  the  transition  frequency  in  cm~';  /f,(r)  is  the  elec¬ 
tronic  transition  moment,  a  function  of  internuclear  sepa¬ 
ration;  and  is  the  r  centroid  of  the  transition,  an  av¬ 
erage  internuclear  separation  for  the  transition. 
Determining  Einstein  coefficients  requires  that  the  varia¬ 
tion  in  the  transition  moment  as  a  function  of  internuclear 
separation  be  established  over  the  range  of  important  tran¬ 
sitions  and  that  the  absolute  value  of  the  transition  mo¬ 
ment  be  determined  for  at  least  one  point. 

Relative  variations  in  the  transition  moment  function 
usually  can  be  determined  over  a  wide  range  of  intemu- 
clear  separations  from  measurements  of  relative  band  in¬ 
tensities  in  a  progression  from  a  common  upper  level.  Di¬ 
viding  the  measured  band  intensities  by  results  in 

reduced  intensities  that  are  a  ftinction  only  of  the  square  of 
the  transition  moment 

=KN^\R,{r„.^)\\  (3) 

where  Kss64ir*/3h.  The  form  of  the  transition  moment 
function  is  then  given  by  a  fit  of  the  square  roots  of  the 
reduced  intensities  to  their  corresponding  r  centroids 
which  ate,  in  essence,  effective  internuclear  separations  at 
which  each  transition  occurs. 

The  relative  function  often  can  be  normalized  so  that 
the  sum  of  Einstein  coefficients  in  a  progression  yield  the 
reciprocal  the  radiative  lifetime  of  the  state  under  inves¬ 
tigation.  In  the  present  case,  no  accurate  lifetime  measure¬ 


We  fit  our  spectra  in  a  number  of  segments  each  con¬ 
taining  no  more  than  one  Vegard-Kaplan  emission  band 
from  each  of  the  progressions  emanating  from  v' 3*0-3. 
Figures  2  and  3  show  two  of  the  spectra  we  took  for  this 
study,  while  Figs.  4  and  5  show  sm^  spectral  segments  to 
illustrate  the  fitting  procedure.  The  spectral  fits  give  rela¬ 
tive  intensities  within  each  progression.  Dividing  these  rel¬ 
ative  intensities  by  the  product  converted  them  to 

a  set  of  reduced  intensities  covering  a  range  of  wave¬ 
lengths,  or  equivalently,  r  centroid  values.  The  square  root 
of  the  reduced  intensities  vary  from  one  another  with 
changes  in  r  centroid  in  the  same  fashion  that  the  transi¬ 
tion  moment  function  varies  as  a  function  of  internuclear 
separation.  Our  data  set  consisted  of  the  transitions  v'  =0 
to  I>''  =  2-13;  i>'=»l  to  o''=4,5.7-l4;  i;'=s2  to  10- 

15;  andtf'=3  tou'^lS-Ifi. 

Our  data  fitting  procedure  involved  fitting  the  dau 
from  just  one  of  the  progressions  first  A  quadratic  func¬ 
tion  represented  the  data  adequately.  The  other  progres¬ 
sions  were  then  normalized  by  the  factor  that  resulted  in 
the  smallest  sum  (ff  the  squares  of  the  relative  residuals 
between  the  data  and  the  initial  quadratic  ftmction.  The 
relative  residual  is 


We  then  refit  this  combined  data  set  to  a  new  quadratic 
function  and  then  renormalized  the  reduced  intensities  in 
each  progossion  to  minimize  again  the  sum  of  squares  of 
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FIO.  4.  N}(i4  *X!~X  'XJ',  A» V  —9)  wqnciiM  ia  Mfoa  earner.  The  cam- 
Uibyiioit  of  the  N](C  ’ll. ,  v'  mO-B  ’fl, .  v"  »0)  band  to  the  N](/t.  v  «&- 
X.  i^^9)  bead  at  337  lun  can  be  rtmoved  ia  the  ipcctt>J  ittiM  •nahni* 
by  iweiodiag  the  N](C.  i7m<^B,  iTol)  bead  at  337  lun  ia  thctpactnl 
ft.  The  hght  liae  lepreecata  the  dau  and  the  heavy  liae  the  epae^  ft. 


>»-g  .  »>.g 

».’>  '0  'l  ”*0 


no.  3-  N:(d  ’XJ',  ih-X  ‘Ig,  Aam  —4)  sequence  in  helium.  Eatcading 
the  gt  to  239  am  includea  enough  of  the  NOId’X'^,  v'kO-AT’X'. 
e*iK3)  hand  to  aUow  aa  accurate  aaeceament  of  the  contrtbuboa  of  the 
NO(d.  v’mO~X.  v**!)  band  to  the  emiaaion  at  246  nm  which  it  prima- 
hly  the  N,(d,  tr'-O^JT,  e‘'«4)  band. 


the  residiiab  between  the  renomulaed  date  and  the  new 
qiiadnttic  function.  AAer  several  ttaations,  the  renormal¬ 
ization  iHOcedore  failed  to  improve  the  sum  of  squares  of 
the  residuals  to  any  significant  extent 

We  then  established  absolute  values  for  our  relative 
data  by  multiplyinf  each  point  by  the  factor  necessary  to 
make  the  value  trf'  the  rdative  transition  moment  function 
at  1.294  A,  the  r  centroid  for  the  0,6  transition,  equal  to  the 
value  determined  in  Shemansky’s  icanalysia  of  Carleton 
and  (Mdenberg’s  measurement  of  the  0,6  Einstein  coeffi¬ 
cient,  le.,  0.0901  s~'.  Thts  value  has  been  corrected  for  the 
updi^  value  of  the  N](^,  v'^l-A,  u''»0)  transition 
pfobnbility.  finally,  combining  our  absolute  values  with 
absolute  tranaitioa  moosent  values  calculated  fhmi  She¬ 
mansky’s  oscillator  strength  measurementt  determined  the 
transition  moment  Ametioo  between  1.084  and  1.476  A. 

Rgure  6  shows  the  fit  of  these  two  sets  of  transitioo 
moment  values.  The  data  cpiite  nicely  fit  the  function 

/t,(r)  -0.004  43  -0.005  82r-t-0.00l  75r*,  (6) 

where  if,  is  in  units  of  Ddiye  and  r  is  in  Angstroms.  Table 
I  lists  the  Einstein  coeflicientt  calculated  from  the  transi¬ 
tion  moment  Auction  repccsentad  by  Eq.  (6).  TaMe  I  also 
lists  the  other  spectroscopic  propeitiei  — Franck-Condon 
betots,  r  centroids,  and  band  origins. 


no.*^  Elcetrame  trwilitiu  iwomHU 


IcuH  tquara  ft  [SbnauMky  (Rtf.  1)1. 
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TABLE  I.  N,(A  *2; )  Eiawm  codfciaiii.  TABLE  I.  {  CmimimI.  ) 


»' 

«r 

Wiv*. 
tcagili  . 
(nm) 

9r'.” 

r 

ceatratd 

(A) 

Bnachiac 

ratio 

A.-.-  (!-') 

If' 

Weve- 
Icngtli 
^  (nm) 

r 

centroid  BraacltiiM 
lA)  rauo 

4/^  (f') 

0 

0 

20a99  • 

0.00097 

1.183 

0.00002 

6000008 

8  276.73 

0.042  17 

1.297 

0.063  81 

0.000  387 

I 

210.86 

0.00800 

1.202 

aooi  18 

0.000499 

9  293.80 

0.08066 

1.314 

0.127  50 

0.041  133 

2 

221.61 

0.031  94 

1.219 

601077 

0.004  344 

10  312.83 

603647 

1.332 

0.03846 

6018  861 

3 

233.37 

0.079  16 

\.2il 

0.044  31 

0.018  703 

11  334.17 

0.00012 

1.357 

0.00019 

6000062 

4 

246.26 

0.139  70 

1.233 

0.107  40 

0.043  332 

12  338.26 

0.046  23 

1.382 

0.073  98 

03B4  314 

S 

260.47 

0.184  30 

1.274 

0.176  88 

0.074  662 

13  383.66 

611660 

1.403 

0.176  51 

6036930 

6 

276.20 

0.190  30 

1.294 

0.212  22 

0.089  379 

14  417.09 

0.134  20 

1.426 

6183  12 

0.039081 

7 

293.70 

0.137  30 

1.314 

0.190  26 

0.080  308 

13  433.48 

0.098  84 

1.430 

0.117  92 

6038043 

8 

313.28 

0.10640 

1.333 

0.133  87 

0.036  306 

16  496.10 

0.032  19 

1.476 

0.03290 

6017066 

9 

333.34 

0.039  19 

1.336 

0.073  91 

0.031  197 

17  34A68 

6020  83 

1,303 

0.017  31 

0.003  3U 

10 

360.36 

0.027  42 

1.379 

0.033  11 

0.013  976 

18  607.63 

600647 

1.532 

6004  23 

6001363 

n 

388.97 

0.010  30 

1.402 

0.011  77 

0.004  968 

Sum-699809 

1 

ifrtiaie— 3.10  * 

12 

422.00 

0.003  30 

1.428 

0.003  36 

0.001  419 

13 

460.34 

0.000  87 

1.433 

0.000  77 

0.000  327 

4 

0  180.77 

0.0a  33 

1.146 

0.023  63 

6007  298 

14 

306.07 

0.000  20 

1.479 

0.00013 

0.000063 

1  188.71 

0.099  80 

1.161 

0.01043 

0.003  226 

13 

360  66 

0.00004 

1.499 

0.00002 

0.000010 

2  197.28 

0.04169 

1.176 

0.00000 

6000000 

16 

fs 

0  00001 

I  333 

0.00000 

0.000001 

3  206.34 

0.002  79 

1.201 

6000  36 

6000  171 

Ufetimc— 2.37  $ 

4  216.38 

0.038  74 

1.211 

0.019  32 

6006026 

5  227.49 

6041  21 

1.226 

0.023  41 

6007  226 

1 

0 

193  36 

0.003  18 

1.175 

0.000  00 

0000002 

6  239.40 

0.000  37 

1.246 

600034 

0.000104 

1 

204.68 

0.031  83 

1.191 

0.001  94 

0.000  734 

7  232.44 

0.0a  71 

1.263 

0.03903 

6018  220 

2 

214  79 

0.087  23 

1.208 

0.02042 

0.007  714 

8  266.77 

6033  12 

1.281 

0.073  26 

0.022610 

3 

223.81 

0.131  20 

1.223 

0.039  93 

0.022  636 

9  U2.60 

0.002  30 

1.303 

0.003  72 

6001  147 

4 

237.87 

0.11160 

1.242 

0.076  36 

0.028  844 

10  300.16 

0.03080 

1.323 

0.034  20 

6016  729 

5 

231.10 

0.04087 

1.260 

0.03704 

0.013  991 

11  319.73 

607634 

1.342 

0.132  38 

6040839 

6 

263.68 

0.00003 

1.281 

0.00004 

0.000014 

12  341.74 

6037  68 

1.361 

6063  42 

6019  373 

7 

281.84 

0.03647 

1.303 

0.048  48 

0.018  311 

13  366.38 

0.00008 

1.387 

0.00013 

0.000039 

8 

299.82 

0.109  80 

1.322 

0.133  20 

0.037  869 

14  394.86 

0.047  13 

1.413 

6073  76 

0.022764 

9 

319.96 

0.13010 

1.342 

0.212  26 

0.080179 

13  427.33 

6117  70 

1.434 

0.162  64 

0.030199 

10 

342.66 

0.134  70 

1.364 

0.188  33 

0.071  143 

16  464.97 

613130 

1.438 

6137  33 

60W620 

11 

368.44 

0.088  84 

1.387 

6118  70 

6044  839 

17  309.12 

609246 

1.484 

0.093  31 

6028  799 

12 

397.94 

0.043  33 

1.410 

0.033  67 

0.021 030 

18  361.39 

6043  96 

1.312 

0.037  78 

6011660 

13 

432.03 

0.01846 

1.433 

0.020  27 

0.007  637 

19  62A93 

601703 

1.340 

0.01091 

6003  367 

14 

471.83 

0.006  10 

1.461 

0.003  78 

0.002  183 

Sum -0.993  96 

1 

Lifeimw— 3X4 1 

13 

318.97 

0.001  67 

1.487 

0.001  31 

0.000497 

16 

375.36 

0.000  38 

1.313 

0.000  24 

0.000090 

3 

0  176.33 

0.067  26 

1.137 

0.062  28 

0.018  734 

9um  .0.999  83 

Lifetime— 2.63  ^ 

1  184.12 

6083  32 

1.132 

0.026  31 

0.007974 

2  192.27 

0.006  34 

1.163 

0.00049 

0.000  148 

2 

0 

190.14 

0.014  76 

1.164 

6000  86 

0.000298 

3  201.03 

0.032  30 

1.183 

0.001  01 

0.000304 

1 

198.93 

0.063  13 

1.180 

0.00033 

0.000114 

4  21633 

6033  13 

1.199 

0.00900 

0.002  707 

2 

208.30 

0.113  30 

1.197 

0.013  83 

0.004807 

3  22683 

600093 

1.213 

0.000  38 

0.000113 

3 

218.87 

0.082  21 

1.213 

0.02621 

0.009097 

6  232.06 

0.038  26 

1.236 

0.02963 

6008914 

4 

23ai7 

0.01124 

1.227 

600369 

6001  976 

7  244.29 

604301 

1.231 

6043  11 

0.013  370 

3 

242.34 

0.014  83 

1.234 

0.014  18 

0.004921 

8  237.68 

0.00012 

1.270 

0.00016 

0.000048 

6 

23612 

0.077  37 

1.269 

0.08641 

0.029990 

9  272.42 

604074 

1.291 

0.063  37 

0.019  122 

7 

271.10 

0.081  23 

1.287 

610463 

0.036319 

10  288.71 

603086 

1.307 

0.083  37 

6023  139 

8 

287.70 

0.021  U 

1.304 

603016 

0.010466 

11  306.79 

0.00210 

1.311 

0.00302 

0.000909 

9 

30620 

0.003  70 

1.340 

6006  38 

0.002  213 

12  326.97 

0.031  81 

1.333 

0.038  62 

0.017  634 

10 

32692 

0.06230 

1.332 

6098  39 

0.034218 

13  349.64 

6073  47 

1.371 

0.128  13 

0.038330 

11 

330.30 

0.12780 

1.372 

6193  91 

0.067  299 

14  373.27 

0.03023 

1.389 

604876 

0.014667 

12 

37686 

0.138  00 

1.394 

6196  33 

0.068  217 

13  404.48 

0.00130 

1.442 

0.002  61 

0.000783 

13 

407.30 

0.10030 

1.418 

6131 09 

0.043498 

16  438.03 

0.03904 

1.443 

0.081  28 

0.024431 

_  14 

44L31 

0.033  90 

1.442 

606201 

0.021  322 

17  477.02 

0.12440 

1.467 

614711 

60U232 

IS 

483.69 

0.022  29 

1.468 

0.02197 

0.007  627 

18  32X79 

6123  10 

1.493 

0.123  28 

0.037086 

16 

532.49 

0.007  U 

1.493 

02)03  93 

0.002038 

19  377.27 

607999 

1.320 

0.063  30 

6019  102 

17 

391.20 

0.001  91 

1.324 

600123 

0.000428 

20  644.63 

0.03398 

1.349 

0.021 97 

0.006609 

Sum -0.999  63 

UfetmM— L88  s 

SHm-0.984  34 

Lifetmic— 3.32  s 

3 

0 

113.29 

0.030  14 

1.133 

600630 

0.002032 

6 

0  172.61 

608211 

1.128 

0.12191 

0.036833 

1 

193.63 

0.093  36 

1.170 

600139 

0.000430 

1  179.84 

0.037  88 

1.143 

0.03669 

0.011083 

2 

20L68 

0.09109 

1.186 

600299 

0.000963 

2  187.60 

0.001  36 

1.168 

0.00003 

0.000013 

3 

212.46 

0.013  29 

1.200 

600247 

0.000797 

3  193.96 

0.034  32 

1.173 

600003 

0.000010 

4 

223.10 

0.013  21 

1.224 

0.00811 

0.002  617 

4  204.97 

0.01626 

1.187 

0.00072 

0.000216 

3 

234.70 

607227 

1.239 

0.033  27 

0.017  831 

3  214.72 

0.016  72 

1.210 

0.00363 

0.001702 

6 

247.39 

0.043  87 

1.233 

0.043  30 

0.014682 

6  223.29 

0.04819 

1.224 

0.026  12 

0.007  892 

7 

261.34 

0.00004 

1.276 

0.00006 

0.000018 

7  236.80 

0.00194 

1.228 

0.00109 

0.000  328 
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13 
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IS 
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IS 
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17 
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0.00943 

1.461 
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0003499 

IS 

499.67 

007997 

1.477 
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0027  296 

19 

937.16 
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0.037299 

20 
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Ab  iWMww  wMmoii  moRMiif  miimiufi  Gociipraon 

Three  other  groope  heve  lepocted  relative  tranaitioo 
moment  ftmetiona  baaed  on  mraanremeata  of  relative 
Vegard-Kaplan  band  inteaaitiea.'^'^  We  have  reanalyzed 
ail  three  aeta  of  relative  intenaity  meaaurementa  beenuae 
our  RKR>baaed  (Rydberg-lClein-Reca)  Fiaack-Condon 
factoia  are  wbatamiallydataeat  from  the  Franck-Cwidon 
freton  need  by  Caikton  and  Papalkdiae'*’  and 
and  ShephenL"  Broadfbot  and  Maran*^  do  not  list  the 
Franck-Condoo  freton  they  uaed  in  their  anatyaia,  but 
smoe  they  came  from  the  widdy  diamminated,  albeit  uii' 
puUisbed  compendium  of  Albritton  «r  oL,^  thqr  are  most 
likriy  quite  riinilar  to  the  com  ere  have  calculated 

We  And  that  all  three  aets  of  band  intenaity  meaaure- 
mentt  give  rdathre  tranaition  moment  valum  tlM  are  con¬ 
sistent  erith  each  other.  Hoerever,  they  are  not  at  all  con- 
sistent  erith  our  measorements  nor,  for  that  mttter,  erith 
Shemansky’s  transition  moment  fonctian.  Figure  7  com- 
parm  the  dam  from  these  three  eariier  sets  of  measure¬ 
ments.  nocmalimd  to  cadi  other  at  lJt94  A,  to  Sheman- 
sky’s  quadratic  fonctian  and  to  our  foactioiial  fit  from  Eq. 
(6).  The  pterions  maasarements  aU  shoer  a  ali^t,  but 
dearly  idcntdaMeconven  curvature^  erfaerem  Shemanaky’s 
frnette  and  onta  am  both  concave. 

The  otigia  of  the  difibrenec  betenen  the  earlier  data 
and  Sbemanaky’a  ftmetion  is  unclear.  He  depended  only  on 
the  data  of  Broadfisot  and  Mann  in  the  repon  between 
1.27  and  1.43  A,  and  BroatUbot  and  Maran’s  analysis  used 
Franck-Condon  fimton  that  most  likdy  were  good  ones. 
Nevertheleia.  thoae  data  and  Sbemaaaky*s  fonction  are  of 
oppoaite  curvature. 

The  difihrencm  between  the  earlier  data  and  our  own 
must  relme  to  disparate  intenaity  measorements  or  data 
analysis.  Since  we  have  anahrzed  all  four  sets  of  intensity 
measurements  with  a  common  set  of  Fraack-Coadon  fac¬ 
tors.  r  centroids,  and  transition  frecpieiicies.  the  disagree- 


FIO.  7.  A  aamtttmm  of  tht  tdttive  miititiiM  noiMBt  data  of  Carlctoa 
aadPapHoiM  (Bat  10)  (A).  Clmidniiih  aad Shaphart  (Ref.  11)  (O), 
aad  Dmadfaet  aed  Maiaa  (Raf.  12)  (0)  with  Shaaaaaaky’t  (Rat  1) 
traaaiiina  aaoaMM  data  (□),  hia  traaaiiiaA  omiimm  Amcoom  (— ),  and 
that  filralaiail  fim  Eq.  (6)  ( — ).  Tha  fdativc  data  have  baaa  mniial- 
iaad  to  ShawaMkr’a  ftmetioo  at  I.2M  A. 


meat  must  reside  either  in  the  intensity  measurements 
themselves  or  in  reducing  the  actual  measured  quantities, 
e.g..  the  current  flowing  out  of  a  photomultiplier  anode,  to 
idiysical  uniis,  such  m  photons  s~'. 

The  most  common  source  of  measurement  error  arises 
in  calibrating  the  spectroscopic  measuring  system  for  sen¬ 
sitivity  as  a  fraction  of  wavekngtb.  These  calibrations  in¬ 
volve  measuring  the  spectrum  of  a  lamp  whose  irradiance 
is  known  m  a  fonctioa  of  wavelength.  Because  all  three  of 
the  earlier  groupa  recorded  a  set  of  relative  band  intensities 
that  were  compatible  with  each  other,  we  can  assume  that 
they  aU  calibn^  their  spectroscopic  systems  with  similar 
standards. 

Our  calibrations  differ  from  those  of  the  other  groups 
in  that  our  calibratioa  standard  wm  a  deuterium  lamp  be¬ 
tween  200  and  400  am  and  a  quaitz-haloten  lamp  for 
wavekngths  longer  than  400  nm.  The  two  sources  agreed 
escdkntly  in  the  regioa  of  qiectral  overlap  280-400  nm. 
The  other  three  groups  all  used  a  tungsten  strip  lamp  for 
their  irradtance  standiud.  Perhaps  the  root  of  t^  probleto 
Iks  in  these  diflbrent  standards.  The  deuterium  lamp  is 
strictly  an  uhravioiet  standard,  wherem  the  tungsten  lamps 
are  very  frint  at  wavelengths  shorter  than  about  300  or  310 
nm.  Thus,  accurate  intensity  measurements  at  the 

shortest  wavdengths  is  particularly  difliculL 

A  common  problem  arises  in  accounting  satkfrctorily 
for  scattered  Ui^  within  the  monochromator.  Scattered 
light  generslly  will  lead  one  to  overestimate  calibration 
lami^intensitks  at  the  shorter  wavelengths.  Such  an  error 
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will  cause  band  intensity  measurements  to  be  undercor¬ 
rected.  As  a  result,  response  corrected  band  intensities  at 
short  wavelengths  will  appear  to  be  smaller  with  respect  to 
longer  wavelength  band  intensities  than  is  actually  the 
case.  Such  a  trend  is  consistent  with  the  discrepancies  be¬ 
tween  the  earlier  data  and  our  own. 

In  the  present  case,  however,  this  argument  is  probably 
insufficient  to  rationalize  the  differences  in  the  various 
band-intensity  measurements.  The  discrepancies  between 
our  data  and  those  of  the  other  groups  become  most  pro¬ 
nounced  at  the  longer  wavelengths  where  the  standard 
lamp  calibrations  are  more  likely  to  be  accurate.  Another 
possibility  might  reside  in  augmentation  of  apparent  band 
intensities  by  overlap  with  other  band  systems,  primarily 
the  nitrogen  second-positive  bands  which  are  excited  in 
N2(/4)  energy-pooling  processes.  Although  the  other 
groups  recognized  this  problem  and  tried  to  apply  appro¬ 
priate  corrections,  we  think  our  spectral  fitting  analysis 
likely  accommodates  overlapping  emissions  more  accu¬ 
rately. 

We  are  confident  our  response  calibration  and  data 
analysis  are  correct.  Using  a  similar  approach  to  study  the 
NO(ff-n-Jf-n)  (Ref.  26)  and  NjCff  (Ref. 

8)  band  systems,  we  have  determined  transition  moment 
functions  that  match  the  best  available  ab  initio  transition 
moment  functions  for^'^^  these  band  systems  to  within  5%. 
In  addition,  the  variation  in  radiative  lifetime  with  vibra¬ 
tional  level  calculated  from  our  transition  moment  func¬ 
tions  for  these  two  band  systems  follows  the  experimentally 
determined  lifetime  variations'*'^’  to  within  5%. 

B.  Absoluts  trsnsitkMi  momsnt  function  comparison 

Figure  7  also  compares  our  transition  moment  func¬ 
tion  with  that  proposed  by  Shemansky.'  The  two  functions 
agree  fairly  well  between  1.08  and  1.25  A,  but  then  begin  to 
diverge  as  the  intemuclear  dutance  increases  further.  As  a 
result  of  this  divergence,  band  intensity  calculations  using 
Einstein  coefficients  calculated  from  Shemansky’s  transi¬ 
tion  momoit  function  will  predict  much  more  radiation  at 
long  wavelengths,  compared  to  radiation  levels  at  short 
wavelengths,  than  would  be  the  case  using  Einstein  coeffi¬ 
cients  calculated  from  our  function.  This  difference 
amounts  to  almost  a  factor  of  2  for  transitions  around  450 
nm. 

The  difference  in  the  shapes  of  the  transition  moment 
functions  also  results  in  a  much  steeper  increase  in  radia¬ 
tive  lifetime  with  increasing  vibratiomd  level  for  lifetimes 
calculated  from  our  function  compared  to  those  reported 
by  Shemansky.  Table  II  compares  radiative  lifetimes  cal¬ 
culated  from  the  two  transition  moment  functions.  Our 
radiative  lifetimes  are  larger  than  Shemansky’s  by  about 
25%  for  (I'aO  and  the  discrepancy  increases  to  almost 
60%  for  i;'s4-6. 

C.  OtiMr  eonsidnrations 

Shemamky  has  shown  that  the  three  substates  of  the 
NjfiO  state  do  not  all  have  the  same  radiative  lifetime,  or 
equivalently,  each  band  consists  of  three  degenerate  tran- 


TABLE  II.  Radiauve  lifetimes'  of  N.(.4  'X'  ,e). 


Vibnuonai  kvd 

Prescnl  results 

Shcaaask/ 

0 

2.37 

1.91 

1 

2.6S 

1.97 

2 

2.88 

2.02 

i 

3  10 

103 

4 

3.24 

108 

5 

3.32 

110 

6 

3.31 

113 

‘Units  of  seconds.  These  values  ara  averafed  ower  ail  spin  subsiaies. 
‘Reference  I. 


sitions  not  all  having  the  same  Einstein  coefficient.  In  most 
practical  cases,  the  sublevels  are  in  coUisional  equilibrium, 
so  that  each  transition  has  only  one  effective  radiative  life¬ 
time.  Shemansky’s  table  of  Einstein  coefficients  gives  val¬ 
ues  only  for  one  sublevel.  Our  Einstein  coefficients  should 
be  multiplied  by  a  factor  of  1.5  for  comparison  with  She¬ 
mansky’s  values.  The  values  in  Table  I  are  the  average 
values  for  the  collisionally  coupled  substates,  and  thereftHe 
need  be  corrected  only  for  the  unusual  cases  in  which  the 
differences  in  the  behavior  of  the  sublevels  can  be  distin¬ 
guished.  Such  cases  require  ambient  pressures  below  about 
10~^  Torr.  For  atmospheric  applications,  this  corresponds 
to  altitudes  above  about  150  km. 

Studies  aimed  at  determining  product  branching  ratios 
in  NjfifI)  energy  transfer  reactions  generally  use  Vegard- 
Kaplan  band  intensity  measurements  to  determine  NjfiO 
number  densities.  Using  our  Einstein  coefficients  will  result 
in  somewhat  larger  N^IA)  number  densities  than  are  ob¬ 
tained  from  Shemansky’s  Einstein  coeflkients.  The  larger 
Njf/f )  number  densities  will  translate  to  smaller  excitation 
rate  coefficients  or  branching  ratios.  The  magnitude  of  the 
correction  depends  on  how  the  Vegard-Kaplan  photome¬ 
try  has  been  accomplished. 

In  some  cases,  Njfil )  number  densities  are  determined 
by  observing  a  single  Vegard-Kaplan  band,  e.g.,  the  0,6 
bud  for  tf' =0  and  the  1,9  or  1.10  bands  for  v'»l.  In  this 
case,  the  appropriate  corrections  can  be  determined  di¬ 
rectly  by  comparing  the  Einstein  coefficients  in  Table  I 
with  those  in  Table  VI  of  Shemansky’s  paper,'  being  sure 
to  apply  the  factor  of  1.5  correction  to  put  the  two  sets  on 
a  common  basis. 

In  our  work,  we  usually  use  spectral  fitting  techniques 
to  determine  the  number  densities.  The  discrepan¬ 

cies  in  number  densities  calculated  using  the  two  different 
Einstein  coefficient  sets  will  then  depend  on  the  range  in 
wavelengths  over  which  the  Vegard-Kaplan  spectra  have 
been  fit.  Fits  over  the  wavelength  range  between  200  and 
260  nm  using  the  two  different  sets  of  transition  probabil¬ 
ities  will  give  N2(i4,  v' =0,1,2)  number  densities  that  differ 
from  each  other  by  less  than  10%.  On  the  other  hand,  fits 
between  400  and  5(X)  nm  will  result  in  number  densities  of 
v=0)  4S%-50%  and  (;'  =  1,2,3)  almost  60% 

larger  using  our  Einstein  coefficients  instead  of  Sheman¬ 
sky’s. 

The  more  normal  situation  is  for  the  Vegard-Kaplan 
spectra  to  begin  between  220  and  250  nm  and  extend  to 
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between  370  and  400  nm.  In  this  situation,  our  transition 
probabilities  will  give  number  densities  for  N2(A,  o'~0) 
l5%-20%,  Nj(/4.  u'*l)  25%-35%,  and  Nj(.4.  tf'=.2) 
40%»S0%  larger  than  those  calculated  from  Shemansky’s 
transition  probabilities.  Given  a  typical  vibrational  distri¬ 
bution  of  1K}.6K}.2  for  u'  ^0,1,2.  respectively,  as  calculated 
using  Shemansky’s  Einstein  coefficients,  overall 
number  densities  will  be  about  23%  larger  if  calculated 
using  our  transition  probabilities.  This  will  result  in  prod¬ 
uct  excitation  rate  coefficients  or  branching  ratios^'^^* 
about  23%  smaller  than  published  values.  In  the  case  of 
energy-pooling  studies,'^'^  where  the  square  of  the 
N2(A)  number  density  is  important,  the  rate  coefficients 
will  decrease  by  about  30%.  If  state  specific  product  mea¬ 
surements  have  been  made,  then  the  product  formation 
rate  coefficients  have  to  be  corrected  appropriately  for  the 
individual  vibrational  levels. 

For  example,  the  current  studies  were  initiated  because 
we  observed  a  rate  coefficient  for  exciting  NO(.4 )  by 
v'aO)  that  was  about  40%  greater  than  the  total  rate 
coefficient  for  N2(i4,  i;'=0)  quenching  by  NO.^  This  dis¬ 
crepancy  initially  led  us  to  suspea  a  problem  with  the 
Einstein  coeflicients  of  either  the  nitrofen  first-positive  or 
the  Vegard-Kaplan  systems.  Our  currettt  results  indicate 
that  number  densities  in  our  study  of  the  exciution 
of  NO(i4)  by  N2(.<4)  were  underestimated  by  abmit  20%. 
Using  the  Knstein  coefficients  in  Table  I  to  correct  the 
earlier  results  makes  the  rate  coeflicient  for  NO(i4)  exci¬ 
tation  by  N2(i4)  (8.3*2.3)XlO“*'  cm^  molecule"' s"', 
which  is  mote  in  accord  with  the  rate  coefficient  for  N2(i4) 
quenching  by  NO  (6.6:t:1.0)X  10~"  cm^  molecule"'  s~' 
^though  stiU,  annoyingly,  23%  larger. 

Those  studies  also  indicated  that  N2(i4,  v'  =  1)  excited 
NO(.,4)  22%  more  rapidly  than  does  N2(^,  v'=0).  Cor¬ 
recting  these  results  for  our  Einstein  coefficients  results  in 
only  an  8%  increased  efficiency  for  N2(i4,  tf'  =  l).  This 
difference  is  smaller  than  the  experimental  uncertainty  in 
the  measurements.  On  the  other  hand,  N2(i4,  v'>2)  was 
determined  to  be  only  33%  as  efficient  at  exciting  NO(i4) 
as  N2(i4,  u'=0).  Correcting  this  ratio  will  reduce  this 
numbCT  to  43%. 

Subsequent  to  the  N2(i4  )/NO  work,  we  and  others^'"^^ 
noted  excess  product  formation  in  several  other  N2(.d) 
energy  transfer  systems  in  which  the  N2(..4)  number  den¬ 
sities  were  determined  by  N2(i4)  Vegard-Kaplan  emission. 
In  most  instances,  correcting  the  previous  results  with  our 
Einstein  coeflicients  is  insufficient  to  resolve  these  discrep¬ 
ancies.  This  problem  appears  more  to  result  from  an  addi¬ 


tional,  so  far  unobserved  metastable  produced  in  the  en¬ 
ergy  transfer  reaction  between  At*(^P2jo)  ^2- 
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We  have  developed  a  novel  ducharge-flow  technique  for  sttidying  the  quenching  of 
Nj  (JIT  'Z/,i;*>S)  and  by  a  variety  of  molecules.  The  technique  involves  adding 

small  number  densities  of  N,  (A  ’2  * )  to  a  flow  of  N,  (X,v)  producing,  thereby,  Nj  (R).  By 
comparing  Nj  (B)  fluorescence  intensities  generated  when  a  quencher  is  added  to  the  N,  (X,o) 
flow  2-3  ms  before  {A )  addition  with  intensities  observed  after  the  Nj  (X,u)  and  quencher 

have  been  mixed  for  times  of  10-30  ms,  we  can  separate  the  effects  of  N,  (B)  fluorescence 
quenching  from  effects  of  N,  ( quenching.  Our  results  indicate  that  CH« ,  CX5, ,  CO,  Oj , 
and  NjO  quench  Nj  (B)  at  rates  approaching  gas  Linetic  while  ,  Nj ,  SF^,  and  CF^  are 

about  ten  times  slower.  Rate  coefficients  for  iX.u’^S)  quenching  H,  and  Nj  are  on  the 
order  of  10”  cm^  molecule' '  s' ',  those  for  CO,,  CH«,  and  CF«  roughly  an  order  of 
magnitude  faster,  and  CO  and  NjO  yet  another  order  of  magnitude  faster. 


I.  INTRODUCTION  arm  off  the  flow  tube  from  the  reaction  between  metastable 

We  have  developed  a  technique  for  determining  global  Ar(^F ,  o )  *od  N,.’'*  A  hollow  cathode,  dc  discharge  in  a 

quenching  rate  coefficients  for  N,  (X,v’ )  in  vibrational  lev-  of  »  f*w  percent  Ar  in  He  makes  the  Ar(^Fy, ).  Nitro- 

^  i>*>3.  This  technique  involves  monitoring  nitrogen  first-  intercepts  the  argon  metastables  just  after  they  flow  out 
positive  fluorescence,  N,  (B  ^Ilg-A  ^1* ),  excited  in  the  en-  f”®  cathode.  A  loop  injector  that  can  be  moved  along 
ergy  transfer  reaction  between  N,  (^ )  and  N,  ( Xu' ) .  The  of  ®ow  tube  adds  the  quenching  reagent 

first-positive  emission  intensity  is  proportional  to  the  num-  ^  monochromator  sensitive  to  radiation  between  200 
ber  density  of  N,  (Xu').'  Molecules  added  to  the  reactor  and  900  nm  detectt  emissions  diagnostic  of  N,  (X,v')  and 
can  quench  both  the  N,  (Xu' )  and  the  first-positive  emis-  N,  (/I).  The  important  spectral  features  are  the  N,  first- 

sion.  This  paper  describe  techniques  for  separating  the  two  positive  bands,  N,  (ff  ’2  * )  between  560  and  900 

processes.  n®*  excited  in  the  N,(/4)  plus  Ni(X,v’)  energy-transfer 

Vibrationally  excited,  ground-electionic  state  nitrogen  reaction,  and  the  N,  Vegard-Kaplan  bands, 

plays  an  important  role  in  a  number  of  areas  including  laser  N,(i4  ^2.-X'2/'),  between  250  and  370  nm.  The 

excitation,^  discharge  physics,^  semiconductor  processing,*  ^2  (X,u' )  number  density  is  proportional  to  the  ratio  of  the 

and  upper  atmospheric  chemistry.^  Determining  the  role  of  first-positive  to  Vegard-Kaplan  intensities.'  A  least- 

N,  (X,u)  in  these  various  processes  is  difficult,  however,  due  squares,  spectral  fitting  procedure,  that  we  have  described  in 

to  N,  (X,u)’s  diabolical  resistance  to  detection.  A  number  of  detail  previously,’  determines  band  intensities  from 

laser-based  techniques  for  detecting  N,  (X,u)  have  been  de-  spectra, 

veloped  in  recent  but  these  techniques  tend  to  be 

prohibitively  expensive  for  most  budgets,  insensitive  ( Z  10'* 
molecules  cm''),  or  they  defy  ready  quantification.  The 
technique  we  have  developed  is  senntive  ( i  10" 
molecules  cm  ' ' )  and  easy  to  implement  Although  our  ap¬ 
proach  cannot  quantify  N,  (Xu)  number  densities  exactly, 
it  can  specify  them  within  factors  of  2  or  3. 

J|.  EXPERIMENT 

These  experiments  used  the  4.6  cm  Id.,  quartz,  dis¬ 
charge-flow  reactor  we  have  described  in  detail  previously' 

(see  Fig.  1 ).  Bri^y,  the  N,  (Xv' )  is  generated  in  a  micro- 
wave  discharge  t  hrough  a  flowing  mixture  of  nitrogen  dilute 
in  helium.  The  effluents  from  the  discharge  pass  through  a 
nickel  screen  prior  to  entering  the  upstream  end  of  the  flow 
reactor.  The  screoi  removes  the  atoms  and  deactivates  elec¬ 
tronically  excited  metastables,  but  has  relatively  little  effect 
on  vibrationally  excited  N, . 

N,  (A)  enters  at  the  downstream  end  of  the  flow  reactor  fiO.  1.  Discharge-flow  reactor  for  studying  N,  (5)  and  N,  (JT.v)  quench- 

through  an  axial  injector.  The  N,  (^f )  is  prepared  in  a  side  ing.  _ 
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Hi.  EXPERIMENTAL  TECHNIQUE 

When  quencher  is  injected  immediately  behind  the 
Nj  (A)  inlet,  the  number  density  of  N,  (X,u")  remains  es¬ 
sentially  uncban^.  This  is  because  vibrational  quenching 
is  a  relatively  slow  process  (A,.  5 10“ '■*  cm^ 
molecule  ~ '  s  ~ }  and  reagents  are  mixed  for  too  short  a  time 
( :s2  ms)  to  effect  significant  quenching.  Any  diminution  in 
the  first-positive  emission,  therefore,  results  from  quenching 
Nj  (ff ),  or,  in  some  cases,  Nj  ).  Injecting  the  reagent  into 
the  upstream  end  of  the  fiow  reactor  allows  adequate  time 
( ~  10-30  ms)  for  some  of  the  Ni  (Ar,u')  to  be  quenched, 
unless  its  quenching  rate  coefficients  are  exceedingly  small. 
Any  difference  in  diminution  of  the  first-positive  emission 
with  the  injector  in  the  upstream  position  as  compared  to  the 
downstream  position  can  be  attributed  to  quenching  of  the 
Nj  kX.v’  )  by  added  reagent. 

These  concepts  are  described  mathematically  as  fol¬ 
lows.  In  the  absence  of  added  quencher,  the  intensity  of  the 
N.  first-positive  emission  is  given  by' 

/o  =lc,[N,(ff)]  =*,,(N,a.u*)l[N:(-4)l,  (D 

where,  k„  is  the  rate  coefficient  for  N,  1 )  excitation 
in  the  reaction  between  Nj  (^4 )  and  Nj  {X,u" ),  3.S  x  10  ~  " 
cm^  molecule' '  s' '  (see below), andA,  istheNj (B)  radia¬ 
tive  decay  rate,  taken  here  for  the  global  measurements  to  be 
1.5  X 10^  s  ~ These  experiments  were  run  at  low  pressures 
( —  1  Torr),  primarily  of  helium.  This  reduces  bath-gas 
quenching  of  Nj  (B)  in  the  flow  tube  to  less  than  a  20% 
effect. We  have  neglected  bath-gas  quenching,  therefore, 
in  Eq.  (1). 

When  the  quencher  is  introduced  into  the  flow  reactor 
with  the  injector  in  the  downstream  position,  the  first-posi¬ 
tive  emission  intensity  is  given  by 

*-.[Nj(.4)][Nj(Xi>*)] 
l  +  kglQVkr 

where  kg  is  the  rate  coefficient  for  Nj  (B)  quenching  by  the 
quencher  Q.  For  the  moment  we  ignore  quenching  of  the 
N.  (i4 ) .  Taking  the  ratio  of  the  first-positive  intensity  in  the 
absence  of  quencher  to  that  in  the  presence  of  quencher  gives 
the  classical  Stem-^^olmer  formula"  for  electronic  quench¬ 
ing,  viz., 

r  =  /o//*  l-f-kolCJ/*,.  (3) 

The  rate  coefficient  for  N,  (B)  quenching  is  given,  therefore, 
by  the  product  of  the  N,  (B)  radiative  decay  rate  times  the 
slope  of  a  plot  of  F  vs  { Q]  for  data  taken  with  the  injector  in 
the  dowaatnaat  position. 

With  the  injector  in  the  upstream  position,  quenching  of 
the  N.  (2r,i;')  also  becomes  possible,  and  the  first-positive 
emission  intensity  becomes 

''  ,[N,(.4)][Nj(2f.n-)]oe~*-'°'** 


/*k,[Nj(B)]=- 


(2) 


/=k,[Nj(B)]  = 


(4) 


where  k„  is  the  rate  coefficient  for  N.  (Xj;’ )  quenching.  At  is 
the  time  the  quencher  and  the  N.  (Xi’" )  are  mixed,  and  the 
subscript  o  refers  to  conditions  in  the  absence  of  added 


quencher.  The  N.  (X,u' )  quenching  rate  coefficients  can  be 
determined,  therefore,  from  the  natural  log  of  the  ratio  of 
Stem-Volmer  factors.  F,  at  long  to  short  delay  times  divided 
by  quencher  number  density  and  reaction  time: 

in(r„/rj 


k..  =• 


(5) 


tClAt 

where  the  subscripts  u  and  d  refer  to  intensity  measurements 
with  the  injector  in  the  upstream  and  downstream  positions, 
respectively. 

These  formalisms  presume  that  the  added  Nj  (A )  is  iTot 
diminished  upon  injecting  the  quencher.  This  is  not  neces¬ 
sarily  always  thecase.  When  the  .4  state  also  is  quenched,  the 
actual  .4-staie  number  density  must  be  determined  by  mea¬ 
suring  Vegard-Kaplan  intensities  for  each  set  of  experimen¬ 
tal  conditions,  and  then  divided  into  the  corresponding  first¬ 
positive  intensities.  This  procedure  corrects  for  i4-state 
quenching,  and  therefore  makes  this  technique  applicable 
for  studies  of  quenchers  which  react  rather  efficiently  with 
N,  (i4),  e.g.,  N.O.  Because  of  the  rather  shon  time  that 
N.  (/4 )  is  actually  in  the  flow  reactor  before  the  fluorescence 
is  observed.  .4 -state  quenching  generally  is  not  large  even  for 
efficient  y4-state  quenchers. 

IV.  RESULTS 

Figure  2  shows  typical  spectra  generated  in  the  quench¬ 
ing  of  Nj  (B)  and  Nj  kX,\3)  by  CO. .  Clearly  the  longer  mix- 


680  700  720  740 

WAVELENGTH  (nm) 


780 


FIO.  2.  N.  (8  '11,-4  'Z."  )  spectra  excited  in  the  energy  transfer  reaction 
between  N.  (A)  and  N,  lX,o)  at  dilTerent  number  densities  of  added  CO, 
and  varying  reaction  times.  In  order  of  decreasing  intensity  the  conditions 
are  [COi]-0.  .20  2.3  ms;  [CO. )  «  9.6x  10“  molecules  cm  ‘ 
Ar  =  2.Sms;  (CO.  ]  =■  9.6  x  10“  molecules  cm  ',Ar=«  19.4ms.  Thespec- 
tralre  not  corrected  for  monochromator  spectral  response. 
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ing  time  further  decreases  the  first-positive  emission  intensi¬ 
ties  from  the  levels  at  short  mixing  times.  Most  of  our 
observations  were  survey  measurements  designed  primarily 
to  determine  relative  quenching  efficiencies.  Thus  the  major¬ 
ity  of  N]  (B)  and  Nj  (X,o' )  quenching  rate  coefficients  were 
determined  by  monitoring  changes  in  the  Ni  (.B)  band  inten¬ 
sities  in  the  presence  and  absence  of  a  single  quencher  num¬ 
ber  density  at  the  two  different  injector  positions.  In  a  few 
cases,  spectra  were  taken  at  two  different  quencher  number 
densities  with  agreement  between  the  two  sets  of  data  better 
than  20%. 

To  assess  the  validity  of  our  procedure,  we  studied  the 
quenching  of  N,  (B)  by  CH4  in  more  detail  than  the  other 
molecules  investigated.  Figure  3  shows  the  Stem-Volmer 
quenching  plot  for  two  of  the  four  bands  of  the  first-positive 
system  that  were  monitored  as  a  function  of  added  CH4 .  The 
rate  coefificients  for  quenching  by  CH4  range  from 

about  3  X 10  ~  cm^  molecule ~ '  s “ for  u'  =  2  and  3,  to  4 
and  5x10“'°  cm^  molecule  “ '  s  " '  for  i>'  =  6  and  8,  respec¬ 
tively.  The  good  linearity  of  these  Stem-Volmer  plots  indi¬ 
cates  that  the  two-  or  three-point  measurements  for  all  other 
quenchers  should  not  give  grossly  inaccurate  results. 

Table  I  summarizes  the  global  quenching  rate  coeffi¬ 
cient  measurements.  Since  we  were  interested  primarily  in 
relative  quenching  efilciencies,  the  experimental  values  can 
have  absolute  uncertainties  up  to  a  factor  of  2.  In  relative 
terms,  the  numbers  should  be  good  to  ±  25%.  Table  II 
shows  that  rate  coefficients  for  quenching  individual  vibra¬ 
tional  levels  of  Nj  (B)  can  vary  considerably  for  some  mole¬ 
cules. 

The  values  reported  for  Nj  (.X,u)  quenching  (also  Table 
I)  are  not  state  specific.  The  energetics  of  the  Nj  (A)  plus 
Nj  {X,u)  reaction  restrict  N}  iX,v)  to  vibrational  levels  no 


TABLE  I.  Global  rate  coeflldeatt*  forqueiiclttii(ofN,  (Bland 


(Quencher 

N,(B) 

N.CXi;') 

CH, 

3x10-'® 

IX 10-'* 

H, 

5x10-" 

2x10-" 

CO, 

2xl0-‘® 

4X10-'* 

N, 

3X10-" 

2X10-" 

CF. 

4X10-" 

lx  10-'* 

SF4 

-IXlO-" 

N,0 

♦XIO-'* 

3X10-" 

CO 

2X10-'* 

7x10-'* 

0, 

2X10-'® 

‘Unitiorcm^  mokculc''  f*'  at  300  K. 


smaller  than  five  for  Nj  (ff,v  =  1 )  excitation,  and  at  least  as 
great  as  13  to  excite  l4i(.B,o=  12).  Undoubtedly  each  B~ 
state  vibrational  level  is  excited  by  several  AT-state  levels. 

In  our  initial  studies  on  the  reaction  between  N]  {A)  and 
Nj  (Xj)' ) ,  we  studied  the  variation  in  ff-sute  excitation  as  a 
function  of  i4-$tate  vibrational  level. '  We  added  CH4  to  our 
reactor  to  relax  the  vibrational  energy  in  the  ^  state.  In  our 
analysis,  we  included  the  effects  of  some  vibrational  relaxa¬ 
tion  of  the  Nj  (Jir,v*)  by  the  CH4,  but  presumed  no  elec¬ 
tronic  quenching  of  the  Nj  (B)  state.  The  current  studies 
show  that  this  supposition  was  in  error  and  that,  in  ffict,  CH4 
is  quite  efficient  at  quenching  fiist-pontive  emission. 

Correcting  the  data  of  Ref.  1  for  (.B)  quenching  by 
CH4  has  only  a  small  effect  on  the  rate  coefficient  for  excit¬ 
ing  a:  I-I2)  in  the  reaction  between  Nj(i4)  and 

N2  (Xj>'  =  5-15).  The  revised  value  for  this  rate  coefficient 
is  (3.5  ±  1.5)  X 10“  "  cm’  molecule' ' s"  ',a  16%  increase 
over  the  value  reported  previously. 

V.  DISCUSSION 
A.  quancMns 

Most  gases  studied  quenched  Njiff)  quite  strongly, 
with  rate  coefficients  for  quenching  by  CH4,  CO,  COj,  Oj , 
and  N2O  being  roughly  gas  kinetic.  Nj,  Hj,  CF4,  and  SF, 
quenched  Nj  (B)  about  10  times  more  slowly. 


TABLE  II.  Vibniioiial  Icvd  SqMident  N](B)  qucnchini  rale  oocA- 
cicBtt.* 


If 

N; 

CO 

CO, 

CH. 

"cfT 

SF. 

Oj 

1 

ais 

2.1 

2.0 

3.1 

L3 

0.29 

0.08 

0.34 

1.3 

2 

0.21 

2.0 

2.0 

4.6 

2.3 

0.59 

... 

0.39 

1.3 

3 

0.29 

1.7 

1.8 

4.5 

1.6 

020 

0.33 

0.50 

1.3 

4 

0.31 

1.2 

LI 

3.1 

1.6 

0.14 

0.23 

0.48 

1.7 

5 

0.3S 

0.7 

L3 

6.3 

2.0 

0.16 

0.66 

034 

1.6 

6 

0.3S 

1.0 

L3 

6.6 

L4 

039 

0.33 

036 

L2 

7 

0.36 

1.1 

1.6 

5.2 

2.3 

023 

0.30 

2.3 

8 

0.39 

1.4 

3.8 

L7 

0.63 

... 

0.37 

L7 

9 

0.36 

0.S 

LI 

7.4 

3.1 

0.73 

0.38 

0.73 

1.9 

10 

a29 

1.6 

LO 

7.5 

3.6 

0.60 

0.20 

0.69 

4.0 

11 

030 

0.7 

1.7 

9.1 

4.9 

0.43 

0.39 

0.82 

3.2 

12 

0.22 

3.0 

1.6 

7.4 

3.1 

1.3 

0.28 

0.61 

2 

‘Unitt  oflO-  ".em>  molecule  's''. 
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FIG.  3.  Stcrn-Volmer  plot  for  N,  ( B)  quenching  by  CH, . 
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Yolinc  ttaL  reported  the  most  extensive  set  jrfNj  ( J) 

quenching  imtecoefficieBtt  in  the  literttttie.  Their  values,  in 
unitsofcm^  molecule ~ '  s  *  ',were4.6x  10“  8.3 x  10“  ", 

1.5X10“  "’.2.7X10“",  1.1X10“ '"and  1.6xlO-'«for 
N, iB)  quenchint  by  H,.  CO,  CO,,  N„  O,.  and  N,0,  re¬ 
spectively.  Their  rate  coefficients  for  quenching  by  N,  and 
H,  agree  quite  well  with  ours,  but  their  other  values  are 
^ut  30%  smaller.  liieir  value  for  N,  (B)  quenching  by 
He,  8  X 10  “  "  cm’  molecule  “ '  s  “ is  similar  to  that  which 
we  reported  previously."’ 

Young  et  al.'s  rate  coefficient  measurements  were  rela¬ 
tive  to  their  rate  coefficient  for  N,  (A)  quenching  by  NjO. 
Since  the  value  for  N,  O  quenching  is  about  half  the  one  we 
measured,  their  rate  coeffidents  should  be  doubled  for  prop¬ 
er  comparison.  Agreement  between  the  two  sets  of  measure¬ 
ments  then  is  quite  good  for  CO,  CO,,  and  O,  while  their 
rate  coefficients  for  quenching  by  H,  and  N,  ate  roughly 
double  outs. 

Both  Young  et  al's  measurements  and  our  global 
quenching-rate  coefficients  are  not  state  specific  and  might, 
therefore,  have  been  most  sensitive  to  different  groups  of 
N,  (B)  vibrational  levels.  This  could  then  explain  the  report¬ 
ed  differences  if  the  individual  Njlff)  vibrational  levels  were 
quenched  at  markedly  disparate  rates.  Table  II  shows  that  in 
cases  where  significant  variation  with  vibrational  level  ex¬ 
ists,  the  lower  levels  tend  to  quench  more  slowly.  Our  ^obal 
quenching  rate  coefficients  are  weighted  towa^  the  lower 
vibratiooal  levels,  i>'  ^  1-3,  whereas  Young  et  al's  experi¬ 
ment  was  most  sensitive  to  middle  levds,  v' m  4-7.  One 
would  expect,  therefore,  that  our  results  would  be  smaller 
than  those  of  Young  et  al  In  the  present  case.  howevCT,  the 
average  rate  coefficients  for  quenching  v  4-8  by  both  H, 
and  N,  and  is  essentially  the  same  as  the  global  rate  coeffi¬ 
cients. 

Lee  and  Suto"  reported  N,  (ff)  quenching  rate  coeffi¬ 
cients  by  H,  and  N,  to  be  2.4x  10“  "  cm’  moIecuk~ '  s“ ' 
and  2.1x10“"  cm’ molecule' 's~',  respectivdy.  While 
their  rate  coefficient  for  quenching  by  N,  is  consistent  with 
ours,  their  H,  quenching  rate  coefikient  is  outside  the  com¬ 
bined  uncertainties  of  the  two  studies.  Their  experiment  was 
most  sensitive  to  N,  (ff.o' »  6-12).  For  this  range  of  vilnra- 
tional  levels,  our  H,  quenching  rate  coefficients  are  two  to 
three  times  larger  than  theirs. 

Our  data  for  the  individual  vibrational  levels  (see  Table 
II)  indicate  little  variation  with  vibrational  level  for  N,  (B) 
quenching  by  CO,  and  N,.  In  contrast,  CH«,CF«,H2,02, 
and  NjO  show  a  tendency  for  quenching  rate  coe^ents  to 
increase  with  increasing  vibrational  level.  The  increase  be¬ 
tween  v' s  2  and  o’ 12  is  roughly  a  factor  of  2-3. 

Our  results  on  quenching  by  N,  are  consistent  with  our 
previous  study"  which  indicated  N,  ( B)  quenching  rate  co¬ 
efficients  by  N,  ranged  between  2  and  3xl0~" 
cm’  molecule' '  s~ '  for  most  vibrational  levels.  We  had  ob¬ 
served  previously,  however,  that  vibrational  levels  7-9  were 
quench^  two  to  three  times  faster  than  the  other  vibrational 
levels.  Shemansky  reported  similar  observations.”  She- 
mansky’s  investigation  and  our  eaiher  studies  were  more 
extensive  than  the  current  investigation,  and  should  be  more 
reliable. 


Global  observations  cannot  provide  mechanisttc  infor¬ 
mation  related  to  N,  ff-state  quenching.  Thus  the  observed 
rate  of  removal  of  a  lower  vibrational  levd  of  N,  (ff )  might 
be  moderated  by  coUisional  from  higher  N,  (B)  vi- 

brationai  levels.  The  measured  global  quenching  rate  coeffi¬ 
cient  for  these  low  v' levels  would  then  be  somewhat  less  than 
one  would  measure  in  a  single  state  sdected  study.  The  cas¬ 
cade  could  be  either  direct  removal  of  vibrational  enesgy 
from  N,  molecules  in  the  B  state  ot  it  could  invtfive  elec¬ 
tronic  quenching  into  one  or  more  of  the  electronic  states 
nested  within  the  N,  (B)  manifold,  the  primary  tmes  being 
A{^l*,v>7),BVl- ),  lF(’A.),or2r('2/ ).  followed  by 
coUisional  intersystem  crossing  back  to  lower  vibrational 
levels  of  the  ff  state.  An  additional  mechanism  for  quenching 
by  N,  is  electronic  energy  exchange  where  a  molecule  in  the 
B  state  transfen  some  of  its  electronic  energy  to  a  ground 
state  molecule;  leaving  the  receptor  molecule  in  a  lower  vi- 
brationai  level  of  the  B  state.  This  process  has  been  demon¬ 
strated  in  isotopic  studies  by  PravUov  et  al'*  and  more  re¬ 
cently  by  us."  For  most  cases  of  practical  interest,  e.g., 
discharge  or  auroral  excitation  of  N,  (ff ),  the  effective,  glo¬ 
bal  rate  coefficient  describes  better  tlw  overaU  system  behav¬ 
ior. 

B.  qmnching 

Nitrous  oxide  and  carbon  monoxide  quench  N,  (Xa>) 
rather  efficiently,  roughly  0.1%  gas  kinetic.  Rate  coeffi¬ 
cients  for  quenching  by  CO,,  CF«,  and  CH«  are  roughly  an 
order  of  magnitude,  and  H,  andN,  two  orders  of  magnitude 
smaller  than  N,  O  and  CO.  The  primary  mode  of  de-excita¬ 
tion  is  undoubc^y  if~v  transfer,  although  our  measurement 
technique  cannot  distinguish  single  quantum  from  multi¬ 
quanta  relaxation. 

The  process  being  identified  as  vibrational  quenching 
essentially  involves  the  difference  between  removal  of  vibra¬ 
tional  energy  in  levels  5-13  to  vibrational  levels  4  and  below 
and  energy  resident  in  vibrational  levels  greater  that  13  into 
levels  5-13.  It  is  thus  a  net  vibrational  quenching,  and  the 
reported  quenching  rate  coefficients  should  be  taken  to  be 
lower  limits  to  the  true  values.  Because  the  higher  vibration¬ 
al  levels  of  the  ff  state  can  be  excited  only  from  larger  vibra¬ 
tional  leveb  of  the  ground  state,  one  can  determine,  in  a 
qualitative  sense,  relative  quenching  efficiencies  for  the  X- 
state  vibrational  levels  involved  by  examining  changes  in  the 
Ni  (B,v}  distribution  under  the  different  sets  of  conditions. 

The  N,  (B,e)  distributions  with  the  injector  placed  in 
the  upstream  position  are  essentially  identic^  (  ±  15%)  to 
those  with  the  injector  in  the  down  stream  position  for 
N2(2r.ii)  quenching  by  N,  and  CO,.  This  result  sug^ts 
that  the  relative  N,  (X,v)  distributions  do  not  change  with 
added  N,  or  CO.,  but  that  the  overaU  NjCY.i')  number 
density  is  diminished. 

With  H,,  CH4,  and  CF4,  quenchers,  the  relative  vibra¬ 
tional  distritetions  of  the  five  lowest  N,  (B,i7)  are  similar  for 
both  injector  positions,  as  are  the  relative  distributions  of  the 
six  highest  N,  (B,v).  Relative  to  each  other,  however,  the 
magnitude  of  the  emission  from  the  high  vibrational  level 
group  diminishes  twice  as  much  as  the  lower  vibrational  lev¬ 
el  group  when  the  injector  is  in  the  upstream  position.  The 
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observations  suggest  that  these  molecules  quench  Nj  (.X)  vi< 
brational  levels  greater  than  about  9  about  twice  as  efficient¬ 
ly  as  levels  5-9. 

On  the  other  hand,  NjO  and  CO  quenchers  decrease  the 
relative  N,  (S,u)  more  for  the  lower  six  vibrational  levels 
than  for  the  higher  ones  when  the  reagent  injector  is  moved 
to  the  upstream  position.  Such  behavior  would  result  if  the 
**  Nj  (X.U)  levels  most  responsible  for  N,  (B,u  =  1-b)  excita¬ 
tion  are  quenched  more  rapidly  than  the  higher  Nj  (X.o). 

An  alternative  explanation  of  our  observations  might  be 
*  that  the  added  quenchers  just  rearrange  population  within 
ground  state  vibrational  levels  3-13  from  vibrational  levels 
more  efficiently  excited  to  the  B  state  by  N,  (,4 )  into  levels 
that  are  excited  less  efficiently.  If  this  were  the  case,  how¬ 
ever,  one  would  expect  that  the  quenched  N;  ( ^)  vibrational 
distributions  with  the  injector  in  the  upstream  position 
would  differ  from  those  with  the  injector  in  the  downstream 
position.  In  reality,  as  we  have  mentioned,  for  some  quench¬ 
ers  the  N2  (B,u)  distributions  do  not  vary  with  injector  posi¬ 
tion  while  for  other  quenchen  changes  are  readily  apparent. 

SF^  and  O,  behaved  anomalously.  In  the  global  sense. 
SFi  quenched  Nj  (B)  only  modestly  with  the  injector  in  the 
downstream  position.  With  the  injector  in  the  upstream  po¬ 
sition,  adding  SF«  actually  increased  the  total  N,  (B)  num¬ 
ber  density.  The  first-positive  vibratiortal  distributions  in  the 
absence  and  presence  of  SF^  were  quite  different,  however, 
with  some  levels  increasing  in  intensity  as  SF«  was  added, 
while  others  diminished  in  intensity.  This  observation  ap¬ 
pears  to  indicate  that  SF«  relaxes  vibrational  energy  within 
theff-state  manifold.  The  increase  in  N,  (B)  with  the  injec¬ 
tor  in  the  upstream  position  indicates  that  SF«  relaxes  higher 
vibrational  levels  of  N-  (Xw)  into  those  for  which  our  diag¬ 
nostic  is  most  sensitive,  most  likely  v'  %  3-15.  However,  SF« 
apparently  does  not  relax  the  observed  levels  efficiently. 

In  the  case  of  Oj ,  the  N;  ( B,v)  intensity  was  reduced  by 
the  addition  of  O2  at  both  injector  positions.  However,  the 
diminution  was  less  with  the  injector  in  the  upstream  posi¬ 
tion.  Unlike  the  case  of  SF«,  N2  (B,o)  quenching  by  O2  was 
fairly  uniform  over  the  range  of  vibrational  levels  at  both 
injector  positions.  These  observations  would  suggest  that  O, 
is  an  inefficient  quencher  of  the  NjCXv)  important  for 
N2(ff)  excitation  process,  but  that  it  does  quench  higher 

Morgan  and  Schiff**  used  a  catalytic  probe  to  monitor 
vibrationally  excited  nitrogen  in  a  discharge  afterglow.  They 
deduced  rate  coefficients  for  vibrational  relaxation  by  N-, 
CO2,  and  NjO  to  be  <5x10-",  7.2x10-",  and 
2.6  X  10  ■  '*  cm^  molecule  " '  s  " respectively.  Their  results 
for  quenching  by  CO2  and  NjO  are  roughly  an  order  of 
magnitude  smaller  than  what  we  have  determined,  while 
their  upper-bound  rate  coefficient  for  relaxation  by  nitrogen 
is  smaller  by  three  orders  of  magnitude.  Their  diagnostic  was 
sensitive  to  all  excited  vibrational  levels  of  nitrogen,  whereas 
our  diagnostic  monitors  only  i;>5.  Thus  our  technique  in 
essence  monitors  relaxation  from  levels  >5  to  any  of  the 
vibratiotul  levels  i;<4.  Morgan  and  Schiff’s  technique,  on 
the  other  hand  measures  only  quenching  to  v'  —  0.  Since  the 
CO2  (u)  and  N20(i;)  that  are  created  from  N2  (v)  quench¬ 
ing  can  re-excite  N-  (u  =*  0)  back  to  N2  (u  s  1 ),  the  overall 


quenching  rates  of  N2  ( v)  by  CO,  and  N,  O  will  be  retarded. 
McNeal  era/.  '*  demonstrated  this  effect  for  CO-  by  showing 
that  the  effective  rate  of  N]  ( 1; )  quenching  diminished  as  the 
N2  partial  pressure  increaUd. 

McNealera/."  and  Starr  and  Shaw^  also  repeated  rate 
coefficients  for  N2  (a)  quenching  by  COj  and  ^^*77 
and  Shaw  noted  that  Nj  (u)  excited  atomic  potassium  flu¬ 
orescence  at  a  number  of  wavelengths.  They  monitored  di¬ 
minution  of  the  404.4  am  potassium  line  as  a  function  of 
increasing  CO-  or  NjO  number  density.  This  state  of  potas¬ 
sium  can  be  excited  only  by  N,  (u>  1 1 ),  so  thdr  experiment 
measured  quenching  of  vibrational  levels  above  those  for 
which  we  are  most  sensitive.  Nonetheless,  their  values  of 
8x  IQ-  "and  1.4x  IQ-  "  cm^  molecule  "'s''  forCO-  and 
N-  O,  respectively,  are  in  reasonable  accord  with  our  values. 

McNeal  e/a/.'*  monitored  N2  (v)  by  photoionization  of 
Nj  at  wavelengths  too  long  to  ionize  (0  =  0).  Although 
their  signals  were  for  ionization  of  N2  (i;>  1 ).  their  diagnos¬ 
tic  was  heavily  weighted  towards  N2(v—  1).  They  mea¬ 
sured  effective  rate  co^cients  for  quenching  at  a  number  of 
Nj  partial  pressures  and  found  the  effective  rate  coefficients 
for  Nj  {v)  quenching  by  CO2  and  N2O  increased  as  the  N- 
partial  pressure  decreased.  In  the  low  N2  partial  pressure 
limit,  they  determined  rate  coefficients  of  (2  ^  1)  X 10  -  " 
and  (9±4)xl0-'*  cm^  molecule s  “ '  for  CO2  and 
NjO,  respectively.  Since  our  diagnostic  monitors  only 
N2  (u>5 ),  we  should  not  be  affected  by  back  relaxation  from 
C02(U). 

In  summary,  we  have  presented  a  novel  technique  for 
measuring  the  quenching  of  Nj  (Xy )  and  N-  (5)  by  a  var¬ 
iety  of  quenchers.  Our  observations  indicate  that  most  spe¬ 
cies  studied  quench  N-  ( 5)  at  near  gas-kinetic  rates,  whereas 
even  efficient  vibrational  quenching  of  N;  (X,v’ )  generally 
proceeds  at  rates  four  or  more  orders  of  magnitude  less  than 
gas  kinetic. 
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This  paper  details  an  invcstigatioa  of  the  variation  in  the  electronic  transition  moment  with 
intemudear  separation  for  the  NOCS^n-AT^II)  transition.  Measurements  of  the  relative 
intensitiea  of  a  number  of  NO  B-X  vibronic  transitions  having  a  common  upper  level  were 
used  to  construct  a  relative  transitkni<ffloment  function  between  1.27  and  1.^  A.  After 
normalising  this  relative  ftinction  by  experimentally  determined  radiative  lifetimes,  the 
transition-moment  function  was  extended  down  to  1.23  A  by  incotporatinf  datt  from 
oscillator  strength  measurements.  In  contrast  to  ^pirical  transition-moment  functions  that 
have  been  proposed  previously,  the  function  in  this  paper  decreases  with  increasing 
intemudear  separation.  Unlike  these  other  functitma,  however,  this  one  is  consistent  with 
theoretical  predictions,  with  most  available  oscillator  strength  data,  and  with  the  observed 
trend  in  £-sute  radiative  lifetimes  as  a  function  of  vibratkmal  level 


llNTROOUCnON 

The  SO(S^n-X*n)  system  gives  rise  to  the  well- 
known  bands  of  NO.  These  bands  are  prominent  in  air  and 
nitric  oxide  discharges  and  are  excited  in  a  number  of  chemi¬ 
luminescent  processes,  most  notably  the  three-body  recom¬ 
bination  of  oxygen  and  nitrogen  atoms.  Surprisingly,  the 
quantitative  spectroscopic  aspects  of  this  system  have  not 
been  well  chancterized. 

Robinson  and  NichoUs'  reported  that  the  electronic 
transition  moment,  X,(r),  of  the  NO(.ff-2D  system  in¬ 
creased  linearly  with  increasing  intemudear  separation. 
They  based  their  conclusions  upon  observations  of  relative 
intensities  of  a  number  of  NO  0  bands  that  had  common 
upper  vibrational  levels.  Thirty  years  later,  using  a  similar 
experimental  approach  and  analysis,  Vilesov  and  Matveev^ 
deteraiined  a  transition-moment  function  that  was  almost 
identical  to  that  of  Robinson  and  NichoUs.  In  the  interim. 
Kuz’menko  et  al}  derived  a  substantiaUy  different  elec¬ 
tronic  transition  moment  function,  but  one  that  also  in¬ 
creased  with  increasing  intemudear  separation,  although 
much  more  strongly  than  the  other  two  functions.  They  re¬ 
lied  on  absorption  oscillator  strength  measurements  for 
smaU  values  of  intemudear  sqiaration  and  absolute  emis¬ 
sion  measurementt  derived  ftom  shock-tube  experiments  for 
large  values  of  intemudear  separation. 

All  three  of  these  transition-moment  functions  predict 
that  the  radiative  lifetimes  of  the  NO  Estate  vibrational  lev¬ 
els  will  increase  with  increasing  vibrational  level.  Such  a 
trend  is  contrary  to  all  published  experimental  measure¬ 
ments^  which  show  clearly  that  the  lifetimes  of  the  higher 
vibrational  levels  are  shorter  than  those  of  the  lower  levels. 
Funhermore,  if  the  two  linear  transition-moment  functions 
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are  normalized  SO  as  to  yield  a  radiative  lifetime  of  2.0  Its  for 
tf’  »  0  as  given  by  the  recent  measurement  of  Gadd  and 
Slanger,*  they  underpredict  the  absorptioo  oscillator 
strengths  for  the  0-0  through  6-0  transitions  by  more  than  a 
factor  of  two  compared  to  aU  available  experimental  data. 
Kuz’menko  <r  a/.’s  transition-moment  function  predicts  ra¬ 
diative  iifetimea  far  NO(5)  which  are  even  more  discordant 
with  available  experimental  measurements  than  the  other 
two  empirical  ftmctioiia. 

In  contrast  to  the  experimentally  based  transition-mo¬ 
ment  ftmctioiia,  the  results  from  three  ob  initio  calcula¬ 
tions'"''^  indicate  that  the  dectronic  transition  moment  of 
theNOfiUjID  system  decreases  with  increasing  internuclear 
separation.  Cooper’s'"  at  initio  ftinction  falls  very  r.  pidly, 
dropping  a  factor  of  2  between  1.22  and  1.3  A.  The  decrease 
in  R,  (r)  then  moderates  somewhat,  dropping  another  ftKtor 
of2between  1.3  and  l.S  A.  deVivie  and  Peyerimhoffs  ftinc¬ 
tion,"  on  the  other  hand,  is  essentially  linear,  dropping 
roughly  a  factor  of  2  between  1.3  and  1.6  A.  Langhoffef  a/, 
have  proposed  a  ftinctioo  that  combines  a  steep  drop  in  the 
transition  moment  ftmetioo  at  small  r  (almost  a  famor  of  2 
between  1.20  and  1.27  A)  with  a  much  more  moderate  de¬ 
cline  at  larger  r  (about  a  third  between  1.30  and  1.60  A). 

The  plethora  of  inconsistent  results  has  led  us  to  reinves¬ 
tigate  the  NO(R-30  system.  We  use  a  branching-ratio  tech¬ 
nique  to  determine  tte  relative  variation  in  the  electronic 
transition  moment  with  internuclear  separation.  Tha  allows 
us  to  normalize  our  relative  data  to  the  radiative  lifetime 
measurements  of  Gadd  and  Slanger.  We  then  extend  our 
function  to  shorter  internuclear  distances  by  incorporating 
Jl,(r)  values  determined  from  oscUlator-strength  measure¬ 
ments.’** 

Our  transition  moment  function  has  a  slope  (^>posite 
that  proposed  by  all  three  previous  experimentally  derived 
functions,  but  in  accord  with  ab  initio  calculations.  Our 
functum  is  consistent,  furthermore,  with  most  available  ab¬ 
sorption  oscillator  strength  and  radiative  lifetime  measure¬ 
ments.  . 
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II.EXPfllllimT 

Tbc  NO^baads  were  excitad  in  a  dMcharfe-flow  app«> 
racna  from  the  raoooibifiatkm  of  O  and  N  atoma  in  arfoa.'^ 
A  nicfowava  diadtarta  through  a  flow  of  nhroua  oxide  in 
argon  produced  the atoma.'*  The ooia fraction  of  NiOwaa 

low  (leaa  than  1%)  mordartoavoidproductiooofNO 
in  the  ducharge.  The  NO  deatroya  the  N  atoma  quite  efll- 
ciently.'’ 

Spectra  were  recorded  between  200  and  S30  tun  at  mod¬ 
erate  reaolutioa  (A/l.'%0.2S  iim)  uaing  a  0.3  m 
monochromator  that  waa  wpiipped  with  a  thermoekctiical- 
ly  cooled  photomultiplier  and  a  photoa*couating  rate  meter. 
A  computer-based  data  acquiaition  system  digitized  the  out¬ 
put  of  the  photon  counter  and  stored  the  dau  for  sid)sequent 
analysis.  Figure  1  displays  a  portion  one  of  the  spectra 
rectwded  for  this  study.  Banda  from  all  seven  of  the  vibra¬ 
tional  levda  of  NO(B)  that  are  below  the  predisaodatkm 
limit,  Le.,  v' »  0-6,  radiate  over  the  spectral  range  studied, 
200  to  330  mn.  Relative  populations  of  the  emitting  levels 
vary  with  pressure  and  with  the  third  body.  They  are  more 
relaxed  at  higher  buffer  gtt  pressures  and  also  more  rdaxed 
in  nitrogen  than  in  argon.  In  2.3  torr  argon,  the  relative 
populatiooa  of  v'^O  to  6,  respectively,  are 
100:14:20:30:1 1:7:8. 

The  variation  in  the  response  of  the  detection  system  as 
a  function  of  wavelength  was  determined  by  resdving  the 
output  of  standard  quartz-halogen  and  deuterium  lamps.  A 
BaM4  screen  reflected  the  lamp  emission  into  the  mono¬ 
chromator,  thereby  ensuring  that  the  optics  were  filled.  The 
small  drop  in  the  reflectivity  of  the  screen  at  shorter  wave¬ 
lengths  was  induded  in  the  response  function  calcula- 
tkma.'^'^  Calibratioos  obtained  firm  the  two  lamps  agreed 
excelkntly  in  the  region  of  spectral  overlap,  300  to  400  nm. 
The  only  optical  dement  bmween  the  flow  reactor  and  the 
entrance  slit  of  the  mooodiromator  was  a  CaF}  window 
which  transmits  uniformly  over  the  relevant  spectral  region. 
This  procedure  ensured  that  the  relative  response  deter¬ 
mined  from  the  lamps  would  not  be  modified  by  the  presence 
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tioa  of  OnidNaiam  in  arfon  between  230  and  400  am. 


of  other  optical  d^-nients,  such  u  a  collection  lens  or  even  a 
curved  flow  reactor  wall 

Spectral  analysis  involved  dividing  each  spectrum  into  a 
number  of  disciete  segments.  Each  segment  contained  only 
one  transitiao  from  each  of  the  seven  upper  levds  of  NO(  R) . 
These  segments  were  then  fit  by  computer  to  determine  the 
intensities  of  each  of  the  bands  in  the  spectral  segment  This 
spectral-fitting  procedure  allows  intensitica  to  be  determined 
unambiguously  in  cases  of  partial  overliq)  between  bands.  In 
a  few  cases  the  overlap  was  so  great  that  reliable  intensitiq 
could  not  be  determined.  Such  bands  were  not  included  in 
the  analysia.  Hgure  2  shows  one  of  the  spectral  segments 
along  with  its  associated  synthetic  fit  Without  the  spectral 
fitting  analysis,  we  would  have  been  unable  to  determine  the 
intensities  of  any  of  the  bands  in  this  spectral  region  except 
that  of  the  2, 16  band. 

We  have  described  our  spectral-fitting  {»ocedure  in 
some  detail  previously.'*-'*  A  least-squarea-fitting  routine 
adjusts  the  populations  of  each  vibrational  level  in  a  comput¬ 
er  generated  synthetic  spectrum  of  the  NO^  bands  so  as  to 
match  best  the  experimentally  determined  spectrum.  We 
used  spectral  constants  tabulated  in  Huber  and  Herzberg*'* 
to  cakmlate  the  synthetic  spectrum.  Incorporating  the  vari¬ 
ation  in  the  spiiworbit  coupling  constant  with  vibrational 
level  was  imperative  to  obtaining  adequate  fits. 


III.  RESULTS 

A  Fit  to  brandling  ratio  maaaiiranianta 

The  intensity  of  emission  from  a  given  band  is  the  prod¬ 
uct  of  the  number  density  in  the  upper  state,  and  the 
Einstein  coefficient  for  spontaneous  radiation,  .  Gener¬ 
ally,  one  can  separate  the  Einstein  coefficient  into  a  product 
of  several  facton^'  including  the  Franck-Coodmi  factor, 
q,-,.,  the  cube  of  the  transition  frequency,  v^..,  and  the 
square  of  the  electronic  transition  moment,  R,ir).  This  lat¬ 
ter  quantity  is  a  function  of  the  intemuclear  separation,  r. 
The  intemuckar  separation  appropriate  to  a  given  transition 
is  known  as  the  the  r  centroid  of  that  transition,  .  Thus, 

/,/*■  vj.,. 


(2-^4) 


).  (1) 


FIG.  2.  A  poniowarihe  NO(  A 'n-2r ‘n )  tpactnim  excited  by  the  recombi* 
nation  of  O  whb  N  in  arson.  The  light  tine  leprcMntt  the  data  while  the 

heavy  line  is  the  bcM-tt  synthetic  spectram.  The  band  heads  are  marked  for 

eachRlad  (^,0*). 
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where  « is  t  constant  («r  a>  (Air*/lh  for  v  in  cm  ~ and  the 
subscripts,  A.  on  the  Kronecker  delta  characterize  the  orbi¬ 
tal  angular  momentum  of  the  electronic  sutes.  This  defini¬ 
tion  of  the  Einstein  coefficient”  is  consistent  with  the  re¬ 
commendations  of  Whiting  er  a/.” 

The  reduced  intensities  of  bands  in  a  progression  having 

^  a  common  upper  level, 

Ji"'  .  (2) 

are  a  function  only  of  the  electronic-transition  moment  The 
square  root  of  the  ratios  of  these  reduced  intensities  to  that  of 
a  single  band  in  the  progression  vary  from  one  another, 
therefore,  in  the  same  way  that  the  electronic  transition  mo¬ 
ment  varies  with  intemuclear  separation.  The  conditions  un¬ 
der  which  this  analysis  is  valid  have  been  documented  exten¬ 
sively  in  the  literature  over  the  past  35  years.*'-^*"” 
Although  the  r<entroid  approximation  is  only  strictly  valid 
when  R,{r)  is  a  linear  function,  Fraser^  and  McCallum” 
have  shown  that  the  r-centroid  approximation  describes  the 
electronic  transition  moment  function  quite  well  for  most 
molecules  even  when  higher-order  polynomial  or  exponen¬ 
tial  functions  are  used  to  model  R,  (r). 

We  calculated  the  reduced  intensities  using  the  band 
intensities  determined  from  the  spectral  fitting  procedure 
described  above  and  the  Franck-Condon  fiKtors  and  band 
origins  calculated  by  Albritton  era/.”  The  r  centroids  need¬ 
ed  for  the  analyris  also  derive  from  Albritton  er  a/.’s  calcula¬ 
tions.  These  Franck-Condon  factors  are  based  on  a  Ryd- 
berg-Kkin-Rees  ( RKR)  potential  and  agree  to  better  tl^ 
10  percent  with  the  RKR  based  Franck-Condon  fheton  (rf* 
Jain  and  Sahni.”  The  Morse  potential  based  Franck-Con¬ 
don  factors  of  NichoUs”  andOryera/.^'  agree  with  those  of 
Albritton  era/,  to  better  than  20  percent  for  Franck-Ctmdon 
factors  iS0.02.  Sizeable  diaagraements  occur  for  smaller 
Franck-Condon  factors,  but  such  bands  contribute  negligi¬ 
bly  to  the  observed  intensities.  In  general,  RKR-based 
Franck-Condon  factors  tend  to  be  more  accurate  than  thoee 
that  UM  Morse  potential  functions  in  their  calculation. 

Figure  3  shows  daU  for  bands  originating  from  levels 
v'  =  0-3  plotted  together.  Transitions  used  in  the  fit  includ¬ 
ed  the  following:  o'  =  0,  o'  =  2-15;  o'  *!,»'  =  3-7, 10-16; 
o'  =  2,  o'  =.  2-5, 8-16;  ando'  =  3,  o'  =  1-5, 7, 8, 11, 12,  and 
15-18.  The  line  through  the  data  is  a  least-squares-fit  to  the 
function 

)|rd  “  1.40  — 0.40F^^ 

-t-  1.508X  10*  exp(  -  10.07 ).  (3) 

*  A  least-squares  routine  adjusted  the  normalization  fac¬ 
tor  for  each  progression  to  minimize  the  difference  between 
the  data  for  each  progression  and  the  function  describing  the 

•  variation  with  r  centroid  for  all  progressions.  The  procedure 
was  to  fit  just  one  progression  initially  and  then  adjust  the 
normalization  factors  for  each  of  the  other  progressions  so 
that  they  would  match,  as  closely  as  possibly  this  initial  fit. 

.  The  criterion  for  the  fitting  procedure  was  minimization  of 
the  sum  of  the  squares  of  the  differences  between  the  analyti¬ 
cal  function  and  the  individual  dau  points  (the  residuals). 
All  of  the  adjusted  data  then  were  refit  to  determine  a  new 
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FIG.  3.  Relative  vamttoa  ia  the  tramiOM  moment  for  the 
NO(g ‘n-JT ‘n )  system  aa  a  fuactioB  of  inierauclear  separation. 


best-fit  function.  The  individual  progressions  then  were 
readjusted  to  reduce  further  the  sum  of  the  squares  of  the 
residuals.  After  sevcsal  iterations,  no  fiuther  improvements 
in  the  fit  could  be  realized.  The  variance  the  final  fit  indi¬ 
cated  that  the  fiinctioD  reproduced  the  datt  to  within  about 
5%. 

The  data  could  be  fit  just  as  well  to  a  quadratic  fimetion 
or  to  an  exponential  function  that  didn’t  have  a  linear  term  in 

A  quadratic  pdynomiai  fit  to  our  data  goes  through  a 
minimum  at  7— 1.55  A  and  then  increase  at  larger  7.  This  is 
physicaUy  unreasonable  since /I,  must  vanish  at  large  inter- 
nudear  separations.  A  simple  exponential  function  also  is 
physically  unreasonable  because  it  becomes  constant  at  large 
r.  The  exponential  function  with  the  linear  term,  on  the  other 
hand,  decreases  in  value  throughout  the  range  of  interou- 
clear  separation  that  is  important  for  determining  Einstein 
coefficients. 

We  used  Gadd  and  Slangeris  radiative  lifetime  values 
for  o'  s  0-3  to  place  our  relative  transition-moment  func¬ 
tion  on  an  absolute  basis.  The  reason  for  restricting  the  nor¬ 
malization  procedure  to  vibrational  levels  three  and  below  is 
that  our  d^  provide  a  transition-moment  function  that  is 
valid  only  over  the  range  1.27  A<r<  1.60  A.  This  range  en¬ 
compasses  well  over  90%  of  the  important  vibronic  transi¬ 
tions  ftom  v'  0-3,  whereas  more  than  40%  of  important 
transitions  from  v'  »  4-6  occur  outside  this  range. 

The  inverse  of  the  radiative  lifetime  is  given  by 

rr  ‘  ^  (A) 

where  the  scaling  fiKtor.  is  chosen  so  that  t  in  Eq.  (4) 
gives  the  experimentally  determined  value.  The  average  scal- 
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inf  factor  deterauned  from  Eq.  (4)  gives  calculated  radia*  as  for  those  transitions  from  the  higher  vibrational  levels 
dve  lifetunei  for  v' a  0-3  that  agree  ivithGadd  and  Slanger’s  occurring  in  sequences  smaller  than  Ai»2. 

experimental  values  to  within  ±4%. 


B.  Limits  of  vaMdtty  of  branching  ratio  m 

Equation  (3)  is  a  reasonably  good  representatioa  of  our 
datt  over  the  range  of  its  validity.  1.27  to  1.60  A.  The  least- 
squarea-flt  indicates  an  overall  uncertainty  of  about  5%.  Ex¬ 
trapolation  of  our  function  outside  this  region  lead  to 
problenia.  hoarever  (vide  infm).  Most  important  transitions 
fromv'  ~  0-3  occur  anthin  this  range  of  intemuckar  separa¬ 
tions,  so  that  determining  the  lifetimes  and  Rifi«tein  coeffi¬ 
cients  of  transitions  involving  these  levels  should  not  be  sub¬ 
ject  to  serkxis  extrapolation  error. 

For  the  higher  vibrational  levels,  the  sum  of  the  Franck- 
Condon  factors  for  transitions  from  a  given  upper  level  to  all 
lower  levels  is  somewhat  smaller  than  the  value  of  unity  that 
is  required  by  quantum  mechanical  sum  rules.  This  indicates 
that  our  sum  over  Einstein  coefficients  could  be  incomplete, 
and  that  if  a  greater  range  of  lower  levels  were  included  in  the 
summation,  the  radiative  lifetime  might  be  even  smalltf  then 
those  we  calculate  using  our  transition-moment  fonctum. 

Any  errors  in  radiative  lifetime  introduced  by  the  in¬ 
complete  summation,  however,  will  be  small  because  the 
missing  transitions  occur  at  longer  wavelengths.  The  v*  fac¬ 
tor  in  Eq.  ( 1)  is  sufficiently  small  at  these  longer  wave¬ 
lengths  t^  transition  probabilities  will  be  small  even  for 
transitions  with  sizable  Franck-Condon  factors.  For  exam¬ 
ple,  if  we  assumed  that  the  Franck-Condon  factor  for  the 
6,20  band  were  0.423,  i.e., 

t* 

f  ~  X  ’ 

the  resulting  Finstein  coefficient  would  add  less  than  4%  to 
the  total  radiative  decay  rate  of  s'  *  6.  In  reality,  the  sum  of 
the  Franck-Condon  factors  for  the  6,21  and  6,22  bands  is 
only  0.27,^’  so  that  the  uncertainty  arising  from  the  inemn- 
pkte  set  of  Franck-Condon  factms  is  somewhat  less  than 
4%. 

A  more  serious  problem  is  that  our  transition  moment- 
function  by  itself  probably  underjHcdicts  values  at  the 
smaller  internuclear  separations.  Mixing  between  the  B  and 
C  stttes  becomes  important  at  an  internuclear  separation 
around  1.2S  A.'^  This  mixing  causes  a  fairly  abrupt  change 
in  slope  of  the  transitioa-moment  function.  The  increase  in 
Rf  values  with  decreasing  internuclear  separation  becomes 
much  more  rapid  below  1.2S  A  that  it  was  above  1.23  A. 
Since  our  experimental  data  provide  a  transition-moment 
function  that  is  valid  only  down  to  1.27  A,  using  our  function 
to  calculate  Einstein  coefficients  for  transitions  at  smaller 
internuclear  separations  may  result  in  values  that  are  too 
small  and  arill  predict  radiative  lifetimes  that  are  somewhat 
too  I<Mlg. 

The  vibrational  levels  that  would  be  most  affected  by  an 
extrapolation  error  are  the  higher  ones,  o' »  4-6,  and  only 
for  sequences  Av  ^  6  through  Ai> »  2.  Our  function  should 
provide  reasonably  accurate  Einstein  co^cients  for  all  im¬ 
portant  transitions  from  the  other  vibrational  levds,  as  well 
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C.  Extension  of  tranaHlonHnoniont  function 


In  order  to  reduce  extrapolation  errors  associated  with 
our  function,  we  extended  it  to  smaller  internuclear  dis¬ 
tances  by  including  results  from  oscillator-strength  mea¬ 
surements.  The  oscillator  strength,/.  ,. ,  is  determined  from 
absorption  measurements  and  will  give  the  transition  mo¬ 
ment  at  a  given  internuclear  distance  direedy,” 


,5, 

I  \2  —  Oo_;^. /  l.Sx  J 


where  c  is  the  speed  of  light  and  «-  is  as  defined  above  in 
presenting  Eq.  (1).  Each  oscillator  strength  measurement 
results  in  a  discrete  point  on  a  plot  of  transition  moment  as  a 
function  of  internuclear  separation. 

The  scaling  factor,  determined  from  Eq.  (4)  allows  us 
to  convert  our  relative  transition-moment  date  into  absolute 
units.  Combining  our  absolute  branching  ratio  dau  with  the 
oscillator  strength  dau  allows  us  to  extend  the  transition- 
moment  function,  because  all  transitions  involved  in  the  os¬ 
cillator  strength  measurements  have  r  centroids  smaller  than 
1.27  A. 

Plotting  our  renormalized  dau  and  the  oscillator- 
strength  measiuementt  together,  showed  that  our  dau 
faired  smoothly  into  the  dau  of  Bethke,*  who  used  low  reso¬ 
lution  absorption  at  high  prcasure,  and  ofFaimer  etc/.'  who 
used  the  hook  method.  The  higher  resolution  measuremenU 
of  Hanon  and  Nicholls,*  however,  give  transition  moments 
that  appear  to  be  about  25  to  30%  too  low.  Our  data,  when 
normaUzed  by  Gadd  and  Sbmger’s  lifetimes,*  could  be  re¬ 
conciled  with  Haswn  and  NichoU's  results  only  if  the  transi- 
twn-moment  fonction  were  not  monotonic,  but  rather 
turned  over  at  about  1.3  A  and  started  to  decrease  at  shorter 
internuclear  separations.  This  functional  behavior,  however, 
would  lead  to  radiative  lifetimes  for  the  higher  vibrational 
leveb  that  were  much  longer  than  those  observed  experi¬ 
mentally.  Interestin^y,  if  thelifetirtwof  NO(ff,o' «  0)  were 
3.1/is,aswastcpMtedbyJeunehoinnie*  andbyBrzozowski 
eta/.,*  our  fonction  would  favor  Hasson  and  Nicholl’s  oscil¬ 
lator  strengths  over  those  of  the  other  two  groups.  We  be¬ 
lieve  Gadd  and  Sinner’s  lifetime  detenniiutions  are  more 
reliaUe  than  the  other  taro,  so  are  discounted  Hasson  and 
Nicholl’s  oscillator  strengths  when  we  made  the  functional 
fit  to  the  extended  dau  set 

A  least-squares-fit  to  the  combination  of  our  adjusted 
It.  (r)  dau  between  1.27  and  1.60  A  with  Bethke  and  Farm¬ 
er  et  e/.’s  dau  from  1.22  to  1.26  A  gives  R,  in  Debye  as 


il.(r)  -  0.350  -  0.104?,,,.  +  3.69X  10*  exp(  -  10.1 

(6) 

Radiative  lifetimes  calculated  from  this  frmetion  for  ir'  »  0- 
5  are  consistent  with  Gadd  and  Slanger’s  measurements  to 
better  then  ±  4%.  The  radiative  lifetime  for  ir'  6  that  re¬ 
sults  from  R,  described  by  Eq.  (6)  is  about  17%  too  loag. 
Table  I  lists  the  Einstein  coefficientt  determined  from  this 
procedure  along  with  other  relevant  information. 
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TABLE  I.  NO  Btu-band  Einstcm  cocfliciaus. 


u' 

i;* 

Wavdcasth 

nm 

qv'v" 

rcctilroid 

A 

Rtir) 

Ocbye 

Branching 

ratio 

A^v’ 

0 

0 

220.09 

0.00002 

1.269 

0.3181 

aoQOi 

3.269£  +  0t 

1 

229.37 

0.00026 

1.283 

0.3014 

00012 

6.029E  +  02 

2 

239.73 

0.001  76 

1.302 

0.2863 

00066 

3.290E  +  03 

3 

230.67 

0.007  64 

1.319 

0.2733 

00230 

1.118E4-04 

4 

262.46 

0.023  34 

1.336 

0.2619 

00363 

2.802E  +  04 

J 

273.20 

0.034  71 

1.334 

0.2317 

01032 

3.2I6E4-04 

6 

289.01 

0.099  33 

1.372 

0.2423 

01334 

7.608E  +  04 

7 

304.01 

0.143  34 

1.391 

0.2344 

0.1798 

8.914E4-04 

g 

320.38 

0.173  03 

1.411 

0.2271 

01717 

8.313E  +  04 

9 

338.28 

0.169  86 

1.432 

0.2^ 

01330 

6.692£  +  04 

to 

337.93 

0.138  39 

1.433 

0.2143 

00879^ 

4.336E4-04 

II 

379.64 

0.093  92 

1.473 

0.2091 

0.0473 

2.333E-I-04 

12 

403.67 

0.033  12 

1.499 

0.2040 

0.0213 

l.0S4£-h04 

13 

430.42 

0.024  99 

1.324 

0.1992 

0.0079 

3.901E  +  03 

14 

46a36 

0.009  73 

1.330 

0.1947 

0.0024 

1.183E-I-03 

13 

494.08 

0.003  11 

1.379 

0.1902 

0.0006 

2.927E  +  02 

16 

332.31 

Sum 

0.000  81 
0.9980 

1.610 

0.1838 

0.0001 

3.816E4-01 

1 

0 

213.24 

0.000  14 

1.260 

0.3283 

00008 

4.746£4-02 

1 

224.30 

0.00169 

1.276 

0.3103 

0.0079 

4.330£-t-03 

2 

234.00 

0.009  33 

1.292 

0.2949 

00348 

1.986E4-04 

3 

244.40 

0.031  21 

1.309 

0.2811 

00929 

3.297£  +  04 

4 

233.60 

0.06968 

1.326 

0.2688 

01639 

9.434E4-04 

3 

267.67 

0.107  23 

1.343 

0.2379 

02048 

1.167£  +  03 

6 

280.71 

0.11144 

1.360 

0.2484 

0.1710 

9.748E4-04 

7 

294.83 

0.069  30 

1.378 

0.2400 

00839 

4.899£  +  04 

8 

310.21 

0.013  32 

1.394 

0.2334 

0.0134 

8.770E4-03 

9 

326.97 

0.002  78 

1.432 

0.2204 

00021 

1.211£  +  03 

10 

343.31 

0.04803 

1.443 

0.2173 

0.0303 

1.729£  +  04 

11 

363.43 

0.11208 

1.463 

0.2120 

00368 

3.238£4-04 

12 

387.66 

0.143  72 

1.483 

0.2069 

00381 

3.313E4-04 

13 

41127 

0.127  20 

1.308 

0.2021 

0.0408 

U26E4-04 

14 

439.63 

0.08403 

1.333 

0.1973 

0.0212 

1.210£-t-04 

13 

470.31 

0.04280 

1.360 

0.1931 

0.0084 

4.812E  +  03 

16 

304.83 

Sum  m 

0.01701 
0.993  23 

1.389 

0.1888 

0.0026 

I.478E4-03 

2 

0 

210.67 

0.000  39 

1.232 

0.3390 

0.0033 

2.286£-)-03 

1 

219.34 

0.00383 

1.267 

0.3203 

00373 

1.783E4-04 

2 

228.60 

0.023  34 

1.283 

0.3036 

00932 

6.182£-t'04 

3 

238.33 

0.063  39 

1.299 

0.2890 

01890 

1.227£  +  03 

4 

249.18 

0.093  86 

1.313 

a2760 

0.2281 

1.481E  +  03 

3 

260.63 

0.082  26 

1.332 

0.2647 

01373 

1.021E  +  03 

6 

27198 

0.02801 

1.347 

a2333 

00434 

2.813£-t-04 

7 

286.33 

0.00028 

1.369 

0.2441 

00003 

2.229E-I-02 

g 

300.80 

0.037  36 

1.389 

0.2332 

0.0367 

2.382E+04 

9 

316.33 

0.081  18 

1.407 

0.2286 

0.0646 

4.197£  +  04 

10 

333.69 

0.06242 

1.423 

0.2226 

0.0402 

2.610E  +  04 

11 

33146 

a01068 

1.439 

0.2182 

00036 

3.643E  +  03 

12 

373.08 

a00862 

1.480 

0.2079 

0.0033 

2.231£  +  03 

13 

393.81 

a06986 

1.496 

0.2046 

0.0228 

1.479E  +  04 

14 

420.99 

ai2903 

1.318 

0.2002 

0.0333 

M74E  +  04 

IS 

449.02 

ai33  74 

1.343 

0.1938 

0.0274 

1.777£  +  04 

16 

48a37 

a09377 

1.370 

0.1913 

0.0130 

9.733£  +  03 

17 

313.66 

Sum- 

0.032  70 
0.981  34 

1.394 

0.1880 

0.0066 

4.260£4-03 

3 

0 

206.33 

0.001  73 

1.244 

0.3303 

0.0103 

7.66S£  +  03 

1 

214.63 

0.01409 

1.239 

0.3302 

0.0663 

4.873£+04 

2 

223.32 

0.047  63 

1.274 

0.3127 

0.1785 

1.308E  +  03 

3 

233.00 

0.08414 

1.290 

0.2973 

0.2317 

1.843£-t-03 

4 

243.13 

0.07495 

1.303 

0.2838 

0.1798 

1.318£-t-03 

3 

234.03 

0.021 00 

1.320 

0.2728 

0.0408 

2.991£  +  04 

6 

263.77 

0.002  69 

1.330 

0.2340 

0.0040 

2.893E-I-03 

7 

278.40 

0.04679 

1.339 

0.2491 

0.0376 

4.220£-t-04 

g 

292.07 

0.063  90 

1.373 

0.2413 

0.0639 

4.684£4-04 

9 

306.87 

0.018  37 

1.390 

0.2330 

0.0132 

1.113E-I-04 

10 

322.97 

0.004  31 

1.426 

0.2221 

0.0027 

1.980E  +  03 

11 

340.32 

0.03440 

1.436 

0.2191 

0.0283 

2.074£  +  04 

12 

339.73 

0.072  60 

1.433 

0.2141 

0.0306— 

2.242£-(-04 
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TABLE  I.  (eoMwiMd). 


13 

38a82 

0.024  16 

1.472 

U 

404.07 

0.00223 

1.301 

13 

429.82 

0.038  66 

1.330 

16 

438.47 

0126  31 

1.334 

17 

490.31 

0.13420 

1.376 

IS 

326.34 

0.097  10 

1.604 

Sum  m 

0.94948 

0 

202.23 

0.00408 

1.236 

1 

21023 

0.026  30 

1.230 

2 

218.72 

0.06748 

1.263 

3 

227.79 

0.078  12 

1.280 

4 

237.48 

0.029  77 

1.293 

5 

247.87 

0.00070 

1.308 

6 

239.01 

0.04043 

1.331 

7 

271.00 

a03344 

1.346 

8 

283.93 

aao8  36 

1.338 

9 

297.90 

0.013  82 

1.389 

10 

313.03 

0.037  37 

1.403 

11 

329.31 

0.033  37 

1.419 

12 

347.46 

0.000  13 

1.438 

13 

367.10 

0.042  82 

1.467 

14 

388.66 

0.071  38 

1.483 

IS 

412.42 

0.02397 

1.302 

16 

438.73 

0.003  68 

1.361 

17 

467.98 

0.03420 

1.363 

IS 

30068 

0.12490 

1.387 

19 

337.43 

0.132  20 

1.613 

Sttm~ 

0.867  14 

0 

198.37 

0.00799 

1.228 

1 

206.03 

0.04134 

1.242 

2 

21A19 

0.07633 

1.237 

3 

222.88 

0.03011 

1.271 

4 

23113 

0.001  71 

1.278 

3 

24106 

0.02333 

1.306 

6 

23168 

0.03134 

1.320 

7 

264.07 

0.01030 

1.332 

8 

276.33 

0.01209 

1.360 

o 

289.33 

0.03049 

1.373 

10 

303.84 

a01927 

1.386 

11 

319.33 

0.003  38 

1.421 

12 

336.16 

a03103 

1.431 

13 

334.30 

0.03434 

1.446 

14 

374.37 

0.00023 

1.472 

13 

396.39 

0.04610 

1.497 

16 

42086 

0.06692 

1.313 

17 

447.70 

a022  37 

1.331 

18 

477.33 

a009  23 

1.362 

19 

31084 

a07606 

1.600 

Sum» 

a63478 

0 

194.68 

a01368 

1.220 

1 

20106 

0.033  32 

1.233 

2 

209.90 

aorazs 

1.249 

3 

218.23 

0.01873 

1.262 

4 

227.11 

0.00670 

1.284 

3 

236l39 

a04713 

1.296 

6 

246.72 

0.021  33 

1.309 

7 

237.38 

0.00406 

1.336 

8 

269.23 

0.043  30 

1.343 

9 

281.76 

0.01979 

1.338 

10 

293.28 

0.00312 

1.390 

11 

309.88 

0.043  30 

1.399 

12 

323.70 

0.019  36 

1.412 

13 

34190 

a00603 

1.430 

14 

361.64 

0.031  24 

1.439 

13 

38112 

0.02600 

1.473 

16 

404.60 

0.003  63 

1.498 

17 

429.33 

0.048  24 

1.327 

18 

43069 

0.062  37 

1.343 

19 

487.07 

0.00798 

1.332 

Sum  « 

0.37666 

0.2099 

0.0082 

6.044E  +  03 

0.2033 

0.0006 

4.391£.t-02 

0.1980 

0.0124 

9.0S3£.»-03 

0.1941 

0.021 1 

l.S49£.t.04 

0.1906 

0.0177 

1.296£-t-04 

0.1866 

0.0099 

7.263£-t-03 

a3619 

0.0248 

2.026£  +  04 

0.3408 

0.1271 

1.039£  +  03 

0.3224 

0.2370 

2.102£-t'03 

0.3061 

02373 

l.943£-»'03 

0.2926 

0.0730 

3.97Q£.f04 

a2813 

0.0014 

t.l43£-»-03 

0.2649 

00626 

3.123£-«-04 

0.2338 

0.0674 

S.312£.f04 

0.2494 

00087 

7.128£<t-03 

02333 

0.01  It 

9.093£  +  03 

0.2301 

0.0381 

3.116£  +  04 

0.2246 

0.0182 

1.483£  +  04 

0.2186 

0.0001 

5.361£h-OI 

0.2110 

0.0148 

1.209£  +  04 

0.2069 

0.0200 

1.632£-t-04 

0.2034 

0.0034 

4.433£+03 

0.1929 

0.0006 

S.086£  +  02 

0.1926 

0.0073 

6.133£  +  03 

01890 

aoi36 

l.ll3£-t-04 

01831 

0.0112 

9.131£4-03 

03742 

a0498 

4.493£-»-04 

03320 

0.2033 

I.837£  +  OS 

0.3325 

02984 

Z693£  +  03 

03137 

0.1367 

1.413£-»-09 

03089 

0.0043 

4.090£4-03 

0.2830 

0.0501 

4.323£.«-04 

02726 

00825 

7.443£-h04 

02644 

00139 

I.231£4-04 

02487 

0.0123 

t.ll2£.^04 

0.2424 

0.0423 

3.834£.).04 

02363 

0.0133 

1.203£-t-04 

0.2238 

0.0029 

2.396£-t-03 

0.2208 

0.0228 

2.034£  +  04 

02163 

0.0126 

I.I38£-t>04 

02098 

0.0001 

6.043£+0i 

02043 

00107 

9.673£-t-03 

0.2008 

00126 

1.133£-i-04 

0.1979 

0.0034 

3.062£-t-03 

0.1927 

0.0006 

3.618£  +  02 

01871 

0.0069 

6J68£  +  03 

03869 

00869 

8.706£-)-04 

03633 

02786 

L790£  +  03 

0.3431 

0.2801 

2.803£  +  03 

03263 

0.0602 

6.032£-t-04 

03024 

0.0164 

1.640£-t-04 

02918 

0.0930 

9.311£-t-04 

02811 

0.0333 

3.333£h.04 

0.2617 

0.0031 

3.l03£  +  03 

02363 

0.0437 

4.379£  +  04 

0.2494 

0.0172 

1.727£  +  04 

0.2330 

00034 

3.446£  +  03 

02313 

00237 

2.370£  +  04 

0.2267 

0.0091 

9.127£  +  03 

0.2134 

0.0022 

2.183£  +  03 

0.2131 

0.0134 

I.343£-t-04 

02093 

00064 

6.417£  +  03 

0.2041 

0.0007 

7.202£  +  02 

01986 

0.0075 

7.341£  +  03 

0.1933 

0.0079 

7.873£  +  03 

01943 

0.0008 

8.182£  +  02 
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TABLE  II.  fUduiivelifcciiiiMorNOfB'n.v').* 


RobuMi  and 

Oadd  and  Jcunehommc  NieiMsUs  (Ktf.  i )  or 


u' 

Pment 

rcsula 

Slaoftr 
(Ref.  6) 

BRoaoivtki 
era/.  (Ref.  4) 

and  Demean 
(Ref.  5) 

Vilesov  and 
Matveev  (Ref.  2)* 

ICuz'incnko 
ttal  (Ref.  3) 

de  Vivie  and 
(Ref.  11) 

Cooper 
(Ref.  10) 

1 

era/.  (Ref.  12) 

0 

2.02 

2.00 

3.1  ±0.2 

3.1  ±0.6 

2.00 

0.32 

163 

5.52 

1.99 

1 

1.75 

1.82 

2.9  ±0.2 

2.3  ±0.3 

2.02 

a35 

132 

4.49 

1.79 

2 

1.54 

1.52 

2.8  ±0.2 

2.2  ±0.4 

2.05 

0.38 

2.08 

3.66 

1.60 

3 

1.36 

1.46 

2.6  ±0.2 

109 

0.41 

1.89 

2.85 

1.41 

4 

1.22 

1.19 

2.5  ±0.2 

117 

0.46 

1.75 

118 

1.23 

S 

1. 11 

1.07 

2.3  ±0.2 

135 

0.52 

1.64 

1.70 

1.05 

6 

1.00 

0.85 

2.3  ±0.2 

141 

0.55 

1.53 

1.34 

0.87 

‘Unitsar*  IO'*s. 

*B,(r)  normaluedsothai  r(tr'  »0)  —  2.00X  10'*s. 


IV.  DISCUSSION 

A.  Transition  moment  functions 

Figure  4  compares  our  transition-moment  function  with 
others  that  have  appeared  in  the  literature.  The  three  func¬ 
tions  determined  from  ab  inito  calculations  ^  behave  qual¬ 
itatively  like  our  function,  i.e.,  the  value  of  the  transition 
moment  decreases  with  increasing  intemuclear  separation. 
We  had  to  divide  Cooper’s  transition  moment  values  by  a 
factor  of  two  in  order  to  have  a  consistent  degeneracy  nor¬ 
malization  between  all  sets  of  data.^''^^ 

Cooper's*'’  function  decreases  somewhat  too  steeply 
over  the  range  common  to  both  his  function  and  ours,  but 
appears  to  represent  experimental  oscillator  strengths  quite 
well.  Over  the  range  1.3  to  1.45  A,  the  relative  variation  of  de 
Vivie  and  Peyerimhoff’s"  function  is  cmisistent  with  ours, 
to  wit)  .1  a  few  percent.  Their  function,  however,  is  inade¬ 
quate  at  r  <  1.3  A  and  decreases  too  r^ndly  for  r>  1.45  A. 

LangholTer  al.  found,  that  if  they  shiftol  their  ab  initio 
function  0.025  A  to  larger  intemuclear  separations,  they 
could  reproduce  Gadd  and  Slanger’s  radiative  lifetimes  for 
all  vibrational  levels  up  through!;'  a  6  to  better  than  ±,  4%. 
Langhoff era/,  “shifted”  transition-moment  function  agrees 
with  ours  to  better  than  ±  4%  between  1.24  and  1.60  A. 

The  three  previously  pubhsiied,  experimentally  derived 
functions  all  predict  a  variatiaa  in  transition  moment  with 
intemuclear  separatioa  that  is  contrary  to  our  findings. 
Kuz’menko  era/.^  functwn  results  prinu^y  from  fits  to  ab¬ 
solute  emission  measurements  in  s^k  heated  air.^^  Those 
experiments  did  not  have  sufficient  sensitivity  and  spectral 
resolution  to  provide  positive  identification  of  the  NO  P 
bands.  A  chro^  problem  with  shock-tube  measurements  is 
that  they  tend  to  be  plagued  by  interference  from  impurity 
emissions.  This  effect  results  in  absolute  photon-emission 
rates  that  are  too  large. 

The  functions  of  Robinson  and  Nicholls'  and  Vilesov 
and  Matveev^  derive  from  an  approach  that  is  similar  to 
ours,  so  rationalizing  the  differences  between  their  findings 
and  ours  is  not  so  straightforward.  The  three  major  sources 
of  error  in  using  a  branching-ratio  technique  to  construct  a 
transition-moment  function  are  ( 1 )  incorrect  band  intensity 
measurements,  because  of  spectral  overlap  problems  with 

1 
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impurity  emissions  or  other  vibrational  levels  of  the  band 
bdng  studied;  (2)  incorrect  values  of  Franck-Condon  fac- 
ton  and  r  centroids;  or  (3)  incorrect  calibrations  of  the  re¬ 
sponse  of  the  detection  system  as  a  function  of  wavelength. 

Our  use  of  spectral  fitting  for  determining  band  intensi¬ 
ties  reduces  problems  with  spectral  overlap  significantly. 
These  problems  are  most  pronounced  at  longer  wavelengths 
and  could  lead  to  overestimates  of  intensities  of  bands  with 
larger  r  centroid  values. 

Robinson  and  Nfcholls  list  the  Franck-Condon  factors 


FIO.  4.  ComtMriMa  betweea  the  various  NO(B-X)  trantitioa-iiioaieni 
nnetioas.  Preacm  rerala  {— );  LamhoB «al.  (Rtf.  12)  de 

YWitandPeyerieiaoC'  ( - ):Coopcr  (Ref.  10)  ( - );VilMovaiid 

Matveev  (Rtf.^  ( - );  Bethke  (Rtf.  7)  (O):  Fanner  ttal.  (Ref.  8) 

(A):  Haanatiiid  NichoUs  (Ref.  9)  (□). 
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and  r  centroids  used  in  their  analysis.  Although  their  values 
are  based  upon  Morse  potentials,  they  are  similar  to  the  val¬ 
ues  we  used.  Vilesov  and  Matveev’s  Franck-Condon  factors 
and  r  centroids  come  from  Jain  and  Sahni^‘  and  also  are 
almost  identical  to  those  used  here. 

Response  calibration  problems  can  result  either  from 
failure  to  fill  monochromator  optics  or  from  neglect  to  cor¬ 
rect  standard  lamp  outputs  from  units  (tf  Watts  to  photons 
s~'.  Mixing  intensity  units  tends  to  skew  corrected  intensi¬ 
ties  to  be  higher  at  longer  wavelengths  or  larger  r  centroids. 
Underfilling  monochromator  optics  can  lead  to  response 
function  errors  if  the  photomultiplier  varies  in  sensitivity 
across  its  face.  Predicting  how  this  effect  will  influence  inten¬ 
sity  measurements,  however,  is  difficult. 

Some  sort  of  systematic  error  in  the  experiments  of  Rob¬ 
inson  and  Nicholls  and  Vilesov  and  Matveev  seems  likely. 
Dividing  )  determined  from  their  function  by  the 

wavelength  of  each  transition  gives  relative  branching  ratios 
for  u'  =  0  to  u'  =  2-16  that  agree  with  ours  to  better  than 
i  5  percent. 


B.  Radiativ*  HfatinMa 

Table  II  compares  the  radiative  lifetimes  derived  from 
our  transition-moment  function  with  experimentally  mea¬ 
sured  lifetimes  and  those  determined  from  other  proposed 
transition-moment  functions.  The  agreement  with  the  re¬ 
cent  results  of  Gadd  and  Slanger*  is  excellent  for  all  vibra¬ 
tional  levels  except  v’  »  6.  Most  likely  the  cause  of  this  dis¬ 
crepancy  is  because  the  function  described  by  Eq.  (6)  does 
not  increase  rapidly  enough  below  1.23  A. 

Agreement  with  the  radiative  lifetimes  determined  by 
Brzozowski  et  aL*  and  Jeunehomme  and  Duncan’  is,  of 
course,  not  so  good.  Naturally,  had  we  normalized  our  tran¬ 
sition-moment  function  appropriately,  some  overlap 
between  our  calculated  lifetimes  and  those  measured  by 
these  two  groups  would  have  occurred.  Our  transition-mo¬ 
ment  function,  however,  indicates  that  the  reduction  in  ra¬ 
diative  lifetime  with  increasing  vibrational  level  is  much 
stronger  than  reported  by  Brzozowski  et  al. 

Both  Brzozowski  et  al.  and  Jeunehomme  and  Duncan 
monitored  fluorescence  decays  following  excitation  in  a 
pulsed  discharge.  A  potential  problem  with  this  approach  is 
the  possibility  that  coUisionai  or  radiative  cascade  from 
higher  states,  that  are  also  excited  in  the  discharge,  will  con¬ 
tinue  to  generate  the  state  under  study  after  termination  of 
the  discharge.  This  effect  generally  results  in  radiative  life¬ 
times  that  are  too  long.  Another  potential  problem  is  that 
radiation  from  the  state  under  study  might  not  be  isolated 
adequately  from  radiation  from  other  states.  Neither  of  these 
potential  problems  will  affect  the  measurements  of  Gadd 
and  Slanger.  They  prepared  the  various  vibrational  levels  of 
NO(B)  by  laser  excitation.  Thus,  only  one  vibronic  state 
was  excited  and  only  one  radiated. 

Table  II  also  lists  radiative  lifetimes  determined  from 
other  proposed  transition-moment  functions.  The  experi¬ 
mentally  derived  functions  of  Robinson  and  Nicholls,'  Vile¬ 
sov  and  Matveev,^  and  Kuz’menko  er  a/.’  all  predict  that 
radiative  lifetimes  will  increase  with  increasing  vibrational 


level  in  contradiction  to  all  radiative  lifetime  measurements. 
In  addition,  as  noted  above,  the  transition-moment  function 
of  Robinson  and  Nicholls  or  Vilesov  and  Matveev  is  incon¬ 
sistent  with  absorption  oscillator  strength  measurements. 

Radiative  lifetimes  we  compute  from  de  Vivie  and 
PeyerimhofTs  and  Cooper’s  ab  initio  functions  are  longer 
than  those  measured  by  Gadd  and  Slanger,  although  those  , 
we  compute  from  de  Vivie  and  PeyerimhofTs  function  are 
only  30  percent  too  long  for  v'  =  0-3.  We  compute  radiative 
lifetimes  from  de  Vivie  and  PeyerimhofTs  function  that  are  , 
shorter  by  a  factor  of  v2  than  the  values  they  list  in  their 
Table  VIII.  Although  the  computations  used  to  calculate 
Einstein  coefficients  are  based  upon  the  appropriate  equa¬ 
tion  in  their  paper,  we  may  have  misinterpreted  their  norma¬ 
lization  to  account  for  degeneracy  effects.  For  comparison 
with  our  function,  the  absolute  value  of  their  function  is  less 
important  than  the  qualitative  trends  it  predicts.  In  a  relative 
sense,  the  lifetimes  calculated  from  their  function  decrease 
with  increasing  vibrational  level  about  20  percent  more 
slowly  than  ours.  The  nujor  problem  with  their  function, 
however,  is  that  it  doesn’t  predict  the  sharp  increase  in  the 
transition-moment  function  that  commences  at  about  1.25 

A. 

In  contrast  to  de  Vivie  and  Peyerimhoff,  Cooper’s"' 
function  predicts  the  sharp  increase  below  1.25  A,  but  his 
function  doesn't  flatten  out  enough  at  larger  intemuciear 
separations.  As  a  result,  his  function  predicts  a  much  greater 
change  in  radiative  lifetime  with  vibrational  level  than  is  ob¬ 
served  experimentally. 

As  noted  above,  Langhoff  et  al'%  calculations  predict 
both  the  magnitude  and  the  variation  in  radiative  lifetime 
with  increasing  vibrational  level  to  within  about  ±  4%  for 
all  vibrational  levels,  v'  =  0-6. 

C.  Gdmr  iMuna 

Gadd  and  Slanger  excited  NO(B,i>'  =  6)  with  a  laser 
and  scanned  the  resulting  fluorescence  spectrum.  They  con¬ 
verted  the  relative  intensities  to  a  set  of  branching  ratios 
from  tf’  as  6  to  ground-state  vibrational  levels.  These  branch¬ 
ing  ratios  then  were  converted  to  absolute  Einstein  coeffi¬ 
cients  by  dividing  each  by  the  measured  radiative  lifetime  of 

tf'  =  6. 

Our  Einstein  coefficients  for  u'  »  6  to  u*  =»  0  to  3  and  3 
arewithin  ±  10%  ofGadd  and  Slanger’s.  For  all  other  tran¬ 
sitions,  Gadd  and  Slanger’s  values  are  larger  than  ours  by 
factors  ranging  from  1.3  to  4.  We  see  some  evidence  that  a 
systematic  error  in  Gadd  and  Slanger’s  measurements  is  the 
cause  of  the  discrepancies. 

Figure  5  shows  the  ratio  of  Gadd  and  Slanger’s  Einstein 
coefficients  to  outs  plotted  as  a  function  of  the  wavelength  of 
each  transition.  The  ratios  for  the  first  fourteen  transitions 
separate  themselves  into  three  distinct  groups.  The  transi¬ 
tion  having  Einstein  coefficients  on  the  order  of  10’ s  ~ '  a?e 
the  ones  that  agree  with  ours  to  within  ±  10%.  Those  tran¬ 
sitions  for  which  is  on  the  order  of  10*  s  ~ '  have  ratios 
near  1.3,  while  the  ratios  are  roughly  2.3  for  transition  hav- 
ingilt,,.  ~  10’s~  '.This  grouping  of  discrepancies  according 
to  the  magnitude  of  the  Einstein  coefficient  suggests  an  in- 
com^iete  baseline  subtraction  for  the  weaker  bands,  or  per- 
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FIG.  S.  Variacion  in  the  ratio  of  Einstein  coefficients  from  v'  »  6  to  u*  =  0 
'throu|h  16  calculated  by  Gadd  and  Slanger  to  those  we  have  derived,  as  a 
function  of  transition  wavelength.  O./l.,- ~  id's  ~  IO*s  ';0. 

10' $ 


radiative  lifetimes,  however,  agree  rather  well  with  those  of 
Gadd  and  Slanger. 

We  don’t  underhand  how  Gadd  and  Slanger  arrived  at 
the  lifetime  values  they  We  wonder  if  a  systemat¬ 

ic  error  might  explain  the  discrepancy  between  the  radiative 
lifetimes  we  cahnilate  from  both  sets  of  oscillator-strength 
measurements  and  those  calculated  by  Gadd  and  Slanger. 
We  find  that  the  ratio  of  the  lifetiines  we  calculate  to  those 
calculated  by  Gadd  and  Slanger  is  1.62  to  within  2.5%  for  all 
transitions.  The  constancy  in  the  ratio  shows  that  our 
branching  ratios  for  the  w  compatible  with  those  used 

by  Gadd  and  Slanger.  Since  Hasson  and  Nichols  and  Farmer 
et  al.  list  both  oscillator  strengths  and  Einstein  coefficients 
for  each  transition,  computational  erron  in  converting  from 
one  quantity  to  the  oth«  also  should  not  be  an  issue.  The 
discrepancy  of  1.62  (which  just  happens  to  be  Ifi/ir^)  re¬ 
mains  to  be  discovered. 

V.  SUMMARY 

We  have  used  a  branching  ratio  technique  to  establish 
the  variation  in  the  electronic  transition  moment  as  a  func¬ 
tion  of  intemuclear  separation  for  the  NOC^^fl-JT^fl)  sys¬ 
tem.  Although  our  transition-moment  function  differs  sig¬ 
nificantly  from  previously  published  empirical  functions, 
our  function  agrees  to  bet^  than  ±  5%  with  the  best  avail¬ 
able  measurements  of  radiative  lifetimes,*  of  absorption  os¬ 
cillator  strengths,^’*  and  with  the  most  recent  and  detailed 
ab  initio  computadon.'* 


haps,  a  nonlinearity  in  changing  signal  amplifier  ranges. 

Figure  5  also  shows  evidence  of  a  second  systemadc  er¬ 
ror  in  Gadd  and  Slanger’s  measurements.  The  rados  for  the 
two  groups  of  transitions  having  Einstein  coefficients  on  the 
order  of  10*  and  10^  s ' '  increase  linearly  with  increasing 
wavelength  and,  in  addidon,  have  similar  slopes.  The  rados 
of  the  1(F  s  ~ '  group  decrease  slightly  with  increasing  wave¬ 
length.  These  trends  could  result  from  an  error  in  calibrating 
the  reladve  response  of  their  monochromator  as  a  fiincdon 
of  wavelength.  This  seems  likely  since  dividing  the  rados  of 
Gadd  and  Slanger’s  At„-  to  those  we  have  derived  by  the 
transidon  wavelength  results  in  a  set  of  values  that  are  con¬ 
stant  to  within  ±  5%  both  for  the  10*  s  ~ '  group  and  for  the 
10^  s  ~ '  group.  Interestingly,  the  discrepancies  in  the  Ein¬ 
stein  coefficient  ratios  scale  with  wavelength  in  the  same 
manner  as  the  discrepancies  between  our  transition-moment 
function  and  those  of  Robinson  and  Nkholls  and  Vilesov 
and  Matveev. 

Gadd  and  Slanger  computed  a  set  of  radiative  lifetimes 
for  k'  =  0  through  5  using  the  branching  ratios  for  the  v',0 
transitions  calculated  by  Langhoff  et  al.  and  the  oscillator 
strengths  measured  by  Hasson  and  Nicholls*  and  by  Farmer 
etal.*  They  found  generally  good  agreement  with  their  mea¬ 
sured  radiative  lifetimes,  especially  with  those  lifetimes  cal¬ 
culated  from  Hasson  and  Nicholls’  oscillator  strengths.  As 
we  have  already  noted,  our  transition-moment  function  is 
incompatible  with  transition  moments  derived  from  Hasson 
and  Nicholls  oscillator  strength  measurements.  Einstein  co¬ 
efficients  calculated  from  these  measurements,  therefore, 
ought  also  to  be  incompatible  with  our  measurements.  Our 
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1.  INTRODUCTION 


We  have  b^un  a  series  of  lalxnatcxy  measurements  to  determine  the  Einstein 
coefficient  for  the  N(^P  -  transition.  emission  from  N(^P)  is  prominent  in  the 

aurora,  the  Einstein  coefficients  fcff  its  fotbidden  emission  lines  at  346.6  and  1040  nm  are 
known  <xily  through  two  theoretical  calculations,  performed  roughly  30  years  apart.  The 
purpose  of  this  work  was  either  to  verify  the  theoretical  calculations  or  else  to  provide  a 
more  accurate  value  of  this  impcntant  Einstein  coefficient  for  use  in  modeling  disturbed 
atmos]rfieres. 

Our  experiment  involves  measuring  alMtdute  photon  emission  rates  from  die  346.6  nm 
line  with  a  simultaaeous  determination  of  die  N(^F)  number  density  in  die  fluorescence 
observation  region  using  vacuum  ultraviolet  resonance  absorption  measuronents.  We 
established  the  absedute  qiectral  re^Mnse  of  our  monochromator  and  optical  system  by 
measuring  intensities  in  the  observation  region  of  air  afterglow  emission,  whose  absolute 
photon  emission  rates  have  been  established  under  conditions  where  O  and  NO  number 
densities  are  known.  Prdiminaiy  results  give  a  value  of  5.1  x  10*^  s*^,  in  excellent 
agreement  with  the  most  commonly  used  dworetical  value  of  5.4  x  ICT^  s*^ 

The  measurements  and  data  analysis  are  described  in  die  fidlowing  viewgraph 
presentation. 
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The  reactions  of  N(^P)  with  O2  and  O 

Lawrence  G.  Piper 

Physical  Sciences  Inc..  .Andover.  Massachusetts  01810 
(Received  4  December  1992;  accepted  3  February  1993) 

We  have  studied  the  kinetics  of  metastable  N(^F)  with  atomic  and  molecular  oxygen.  The 
measurements  were  made  in  a  discharge  flow  apparatus  in  which  N(^/*)  was  generated  from  the 
energy  transfer  reaction  between  and  ground  sute  S{*S)  and  was  monitored  either  by 

vacuum  ultraviolet  resonance  fluorescence  at  174  nm  or  else  by  observing  the  forbidden  N(^F- 
*S)  emission  at  347  nm.  The  rate  coefficient  for  N(^/*)  quenching  by  Oj  is  (2.24:0.4)  x  I0~'^ 
cm^  molecule”*  s~'  and  that  for  quenching  by  O  is  ( 1.7±0.4)  X  10”*'  cm^  molecule"*  s“‘. 
One  channel  of  the  reaction  between  Nf^/*)  and  atomic  oxygen  appears  to  produce  NO*^  via  a 
chemi-ionization  mechanism. 


I.  INTRODUCTION 

The  reaction  between  N(^Z>)  and  Oj, 

N(^D)4-02-N0(u<  18)4-0.  (I) 

is  the  primary  source  of  NO  in  the  upper  atmosphere  and 
of  vibrationally  excited  NO  in  the  disturbed  upper  atmo* 
sphere.'  Although  much  less  abundant,  the  more  energetic 
atomic  nitrogen  metastable,  S(^P),  can  react  with  molec¬ 
ular  oxygen  to  produce  NO  with  significantly  more  inter¬ 
nal  energy, 

N(^P)4-02-N0(i;<26)4-0.  (2a) 

N('/»)+02-N0(t;<9.  y-80-120)-(-0.  (2b) 

While  reaction  ( 1 )  is  well  characterized  in  most  regards,^'* 
published  values  of  the  total  rate  coefficient  for  reaction 
(2)  vary  by  a  factor  of  2.*’*  *‘’'*‘  The  products  of  reaction 
(2)  have  not  been  characterized  at  aU.  although  Rawlins 
et  aL  have  suggested  that  highly  rotationally  excited  NO  is 
the  principal  product.’ 

The  reaction  between  N(^R)  and  atomic  oxygen. 

N(^/»)4-0(^P)-N(^A*5)4-0(^/»,'Z))  (3a) 

-NO-^4-e-,  (3b) 

is  even  more  poorly  characterized.  Only  one  experimental 
measurement  of  the  rate  coefficient  for  reaction  (3)  has 
been  published. although  the  rate  coefficient  has  been 
estimated  from  laboratory*^  and  aeronomic'^  observations. 
These  estimates  diller  by  nearly  an  order  of  magnitude. 
Tbeoretica]  considerationa  apparently  favor  channel  (3a) 
over  (3b),''*'*’  but  experimental  support  is  lacking. 

This  paper  describes  the  measurements  of  the  rate  co- 
efficiena  for  N(^F)  quenching  by  atomic  and  molecular 
oxygen.  In  addition  we  present  evidence  in  support  of 
channd  (3b). 

II.  EXPERIMENT 


flow  tube  design  incorporates  separate  source,  reaction, 
and  detection  sections  clamped  together  with  O-ring  joints 
(see  Fig.  1). 

The  N(^P)  was  made  in  the  upstream  section  of  the 
flow  reactor  by  adding  a  flow  oS  nitrogen  attmis  to  a  flow 
containing  metastable  N2(i4  ^2^  ).**  A  low  power,  hollow- 
cathode  dc  discharge  through  a  flow  of  argon  produced 
metastable  Ar^f’Pg^).  Downotream  from  this  discharge, 
molecular  nitrogen  was  mixed  with  the  Ar*,  and  the  re¬ 
sulting  energy  transfer  reaction  between  these  two  species 
ultimately  made  N2(v4)."''’ 

Atomic  nitrogen  was  generated  in  a  microwave  dis¬ 
charge  through  a  flow  of  nitrogen  and  argon  in  an  8  mm 
i.d.  fixed  point  injector.  Atomic  nitrogen  number  densities 
were  determined  from  NO  titrations  using  procedures  we 
have  detailed  previously.^*^'  To  ensure  complete  conver¬ 
sion  N2(i4)  to  N(^P)  prior  to  the  reaction  zone,  we 
monitored  the  spectra)  region  between  250  and  350  run 
using  a  0.5  m  monochromator  placed  ~  10  cm  downstream 
from  the  N-atom  injector.  We  adjusted  the  N-atom  flow  to 
be  as  small  as  possible  while  sl^  ensuring  complete  re¬ 
moval  of  the  Vegard-Kaplan  bond  emission,  N2(i4  ^2^- 
X  '2g),  diagnostic  of  tiiiA).  This  procedure  minimized 
both  N(^P)  losses  from  N-atom  quenching  and  N(^/*)  pro¬ 
duction  from  N-atom  recombination.^’ 

Molecular  oxygen  entered  the  flow  tube  through  a 
movable  loop  injector  consisting  of  a  0.25  in.  diam  length 
of  stainless  sied  tubing  capped  with  a  perforated  Teflon 
loop  epoxied  into  its  downstream  end.  The  zero  of  the  scale 
relating  the  distance  between  the  injector  and  the  detection 
region  was  calibrated  by  measuring  the  pmnt  at  which  the 
scattered  light  from  the  resonance  fluorescence  lamp  sud¬ 
denly  increased  as  the  injector  was  moved  into  the  detec¬ 
tion  region. 

To  measure  N(’P)  quenching  by  atomic  oxygen,  we 
added  O-atoms  through  a  downstream  fixed  injector.  The 
atomic  oxygen  was  produced  in  the  injector  by  titrating  N 
atoms  with  NO.  A  microwave  discharge  through  a  flow  of 


The  apparatus  is  a  modification  of  one  we  have  used  nitrogen  in  argon  produced  the  N-atoms  in  the  upstream 

previously  in  a  number  of  other  studies. *■'*  *’  It  consists  of  end  of  the  injector. 

a  2  in.  i.d.  flow  tube  pumped  by  a  Leybold-Heraeus  Roots  Mass  flow  meters  monitored  the  flow  rates  of  most 

blower/forepump  combination  capable  of  producing  Itnear  gases,  although  rotameters  were  used  for  a  few  minor  spe- 
velocities  up  to  5  X  !()’  cm  s" '  at  a  pressure  of  1  Torr.  The  ciot.  All  (few  meters  were  calibrated  by  measuring  rates  of 
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tncreaie  in  ptenure  with  tune  into  6.5  or  12  /’flasks,  using 
appropriate  diflierentiai-pressure  trauducers  (Validyne 
DP'IS)  which  had  thent^ves  been  calibrated  with  sili^ 
oil  or  mercury  manometen.  Typically  the  flow  rates  for 
argon  or  hditun,  nitrogen,  and  quencher  were  2000-5000, 
50,  and  0-120  fiinols~',  respectively.  The  total  pressure 
was  generally  1-3  Torr,  and  the  flow  velocity  was  1000- 
3300  cm  s-'. 

MetaataUe  N(*P)  number  densities  were  measured  by 
lesonance-fluoremence.**”  Because  the  resonance  lines  of 
both  N(*2))  and  N(*P)  originale  from  a  common  upper 
state,  one  of  the  lines  must  be  removed  from  the  lamp  so 
that  the  two  metastaUes  can  be  distinguished  from  each 
other.  A  suprasil  window  between  the  lamp  and  the  flow 
reactor  passed  the  174  nm  emission  for  N(^P)  pumiNng, 
but  rqected  the  149  nm  emission  abaocbed  by  Nri>).  The 
combination  of  a  0.2  m  vacuum  monochromator,  a  photo- 
multiplier  with  a  Csl  photocathode  ( 120-185  nm  sensitiv¬ 
ity),  and  a  photon-countiag  rate  meter  measuied  the 
resonance-fluorescence  intensities  in  the  flow  tube. 

NL  RESULTS 

A.  N(*R)  quncWwg  by  0| 

With  the  N}(d)  oC  sonw  N(^P)  stiO  persisted  in  the 
flow  reactor.  Una  N(*P)  was  generated  by  transfer  from 
N2(>4)  created  by  N-atom  recombination.”  The  contribu¬ 
tion  to  the  total  N(^P)  signal  from  this  secondary  process, 
therefore,  had  to  be  subtracted  to  obtain  unequivo^  mea¬ 
surements.  As  a  reauh,  we  monitored  the  demy  of  N(^P) 
as  a  ftmction  of  added  quencher  both  with  the  N2(.d)  on 
and  with  it  off.  The  difference  between  the  two  sets  of 
measarcmeats,  then,  represents  the  quenching  of  the  di¬ 
rectly  introduced  For  the  measurements  on  O2 

quenching  this  correction  was  smaU.  generally  <  10%. 

Rate  codBcients  ivere  determined  from  measurements 
of  the  change  in  the  natural  log  of  the  metastable  nitrt^en 
number  density  as  a  function  of  number  density  of  added 


FIG.  2.  Daaqr  of  N(*F)  m  a  foncboii  of  added  oxy|ca  at  four 

diScKM  leaGOM  tmm. 


quenching  reagent  with  fixed  reaction  distance  z,  or  time, 
z/v,* 

dlnIN*/>J 

where  the  bctor  of  0.62  is  a  fluid  mechanical  conectkm 
needed  to  account  for  a  parabolic  velocity  distributum  in 
the  flow  tube.”  The  decay  coefficient,  T,  requires  correc¬ 
tions  to  the  reaction  distance,  z,  to  account  for  imperfect 
mixing  at  the  injector.  Thus,  one  must  measure  demy  co¬ 
efficients  at  several  different  distances  with  aU  otlwr  con- 
ditkms  fixed,  and  then  determine  the  rate  coefficient  from  a 
plot  of  r  vs  z. 

Figure  2  shows  some  typical  demy  plots  for  N(^F) 
quenching  by  molecular  oxygen.  The  slopm  of  the  lines  in 
Fig.  2  are  the  demy  coeIBcients  at  different  reactioo  times. 
Plotting  the  demy  coeflicients  as  a  function  of  reaction 
time,  as  shown  in  Fig.  3,  corrects  tot  imperfect  mixing  at 
the  injector.  The  slope  of  the  line  in  Fig.  3  is  the  rate 
cocfltecnt  for  reaction  (2)  and  the  intercept  is  the  effective 
O2  mixing  time  in  our  reactor.  Our  results  indicate  that  the 
rate  coeflicient  for  N(^P)  quenching  by  moiecuiar  oxygen 
is  (2.2^0l4)X  10~”  cm^  niolecole~'  s~'.  The  error  bars 
are  a  root-mean-square  (rma)  combinatioo  of  the  sutisti- 
cal  uncertainty  (20=14%)  and  the  systematic  uncer¬ 
tainty,  10%.  » 

Our  result  agrees,  within  the  limits  of  quoted  error, 
with  Husain  etoL*  measurement  of  (2.6^0.2)X  10~” 
cm’  molecale~'  s~'  and  the  more  recent  meararement  of 
Phillips  etaL,"  (1.8d:0.2)xl0~”  cm’ molecule"' s"‘. 
lannuzzi  and  KaufinanV  value  of  (3.5^0.5)x  10"” 
cm’  ffloleciile"'  s~'  is  somewhat  larger  than  a  consensus 
rvalue  based  upon  the  other  three  sets  of  measurements. 
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FIG.  }.  Decay  cocflcicntt  for  N<'P)  quenchinc  by  molecular  oxyfen  as 
a  functioii  of  reactioii  uinc. 

B.  N(*P)  quancMng  by  O 

The  procedure  for  measuring  N(^/*)  quenching  by  O 
was  similar  to  that  given  above  for  the  quenching  of  N(^P) 
by  C>2-  The  decay  of  N(^/*)  was  monitored  as  a  function  of 
added  NO  with  the  discharge  on  and  with  it  off. 

NO  quantitatively  converts  N  atoms  to  O,  so  the  flow  of  O 
into  the  reactor  will  equal  the  flow  of  NO  titrant  added  to 
the  injector  sideaim.  lihe  difference  between  the  two  decay 
curves  was  taken  to  represent  the  true  rate  of  N(^/*) 
quenching  by  O-atoms.  Figure  4  shows  two  decay  plots 
and  their  associated  difference  plot  Even  though  neither  of 
the  two  raw  decays  are  linear  on  the  semilog  plot  the 
difference  between  them  is.  The  slope  of  this  difference 
decay  is  the  decay  coefficient  for  quenching  Nf^F)  by  O  as 
given  in  Eq.  (4). 


FIG.  4.  Decay  of  N(  -F)  resonance-fluorescence  intensity  as  a  function  of 


added  atomic  oiygen. 
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The  N-atom  number  density  required  to  make  suffi¬ 
cient  O  for  these  measurements  was  several  times  greater 
than  that  required  just  to  produce  N(’F).  Thus,  the  N(‘F) 
generated  from  N-atom  recombination  was  a  much  larger 
fraction  of  the  total,  as  much  as  two-thirds  of  the  total 
N(^F).  Because  the  NO  titration  reaction  reduced  overall 
N-atom  number  densities,  the  background  component  de¬ 
creased  considerably,  and  nonexponentially,  as  the  added 
NO  increased. 

Because  the  fixed  injector  does  not  give  perfect  mixing, 
we  next  determined  a  decay  coefficient  for  N(^F)  quench¬ 
ing  by  O2  added  through  the  same  injector  under  otherwise 
similar  flow  conditions.  The  rate  coefficient  for  O-atom 
quenching  of  N(^F)  is  then  the  ratio  of  the  two  decay 
coefficientt  times  the  previously  determined  rate  coefficient 
for  N(^F)  quenching  by  O2.  Our  measurements  show  that 
the  ratio  of  the  two  rate  coefficients  is  7.6^  1.1,  making  the 
rate  coefficient  for  N(^F)  quenching  by  O  (1.7 ±0.4) 
Xl0-“  cm^  molecule-' s-'. 

The  N(^F)-i-0  rate  coefficient  has  been  estimated  by 
Golde  and  Thrush'^  to  be  quite  fast,  k3~7xlO-" 
cm^  molecule-' s' and  by  Young  and  Dunn'"  to  be 
somewhat  slower,  but  still  fast,  kj^-lxlO-" 
cm^  molecule- ' s- '.  This  is  one  of  the  few  cases  for  which 
N(^F)  quenching  is  reported  to  be  faster  than  the  corre¬ 
sponding  quenching  reaction  with  N(^f>)  (kss  1.1  x  10' 
cm^  molecule-'  s-').'’ 

C.  ChwnHonizstion  from 

Several  groups  have  suggested  that  the  interaction  be¬ 
tween  N(^F)  and  O  might  be  a  chemi-ionization  reaction 
producing  NO*^,'^  although  others  have  argued  on  theo¬ 
retical  grounds  that  this  mechanism  is  not  likely. If  it  is 
a  chemi-ionization  reaction,  this  would  explain  the  fast 
quenching  of  N(^F)  by  O.  We  tested  for  ionization  by 
inserting  electrodes  into  our  flow  reactor  and  measuring 
the  resultant  ion  current  The  electrodes  consisted  of  a  I  in. 
diam  loop  centered  along  the  flow  tube  axis  upstream  from 
the  O-atom  injector  and  a  similarly  sized  circular  electrode 
covered  with  nickel  screen  10-20  cm  downstream  from  the 
injector.  The  upstream  electrode  was  biased  positively 
while  the  downstream  electrode,  the  collector,  was  at 
ground  potential. 

Figure  5  shows  the  variation  in  the  collector  current  as 
a  function  of  the  potential  difference  between  the  two  elec¬ 
trodes.  The  current  rises  quite  steeply  at  low  voltages,  then 
levels  off  as  the  collector  becomes  saturated,  and  finally 
rises  again  as  energetic  ions  and  electrons  in  the  gas  begin 
to  ionize  the  background  argon. 

Figure  6  demonstrates  that  the  current  collected  in  the 
plateau  region  (—75  V)  varies  linearly  with  the  number 
density  of  N(^F).  Additional  measurements  also  showed 
that  the  current  tracked  linearly  with  the  O-atom  number 
density.  In  the  absence  of  either  N(^F)  or  O  atoms,  the  ion 
current  vanished.  This  evidence  presents  a  strong  case  that 
chemi-ionization  is  at  least  one  channel  of  the  N('F)  plus 
O  reaction.  Our  apparatus  was  not  equipped  with  a  mass 
spectroniMr  to  identify  NO^  ions  unequivocally,  how- 
ever,-thay  seem  the  most  likely  candidate. 
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nel.  We  estimate  that  at  least  10%  of  the  N(*/»)  atoms 
removed  from  the  reactor  are  converted  to  ions.  The  true 
efficiency  could  be  much  higher  than  this. 

IV.  DISCUSSION 

The  reaction  between  N(*P)  and  O  atoms  is  exoergic  - 
by  —0.3  eV  for  the  channel  to  make  NO"^.  Any  other 
likely  ions  in  the  reactor  would  require  somewhat  more 
energy  to  produce.  Support  for  the  chemi-ionization  chan*  » 
nel  comes  from  the  experiments  of  Gatz  et  aL~^  They  ob¬ 
served  ion  production  when  they  added  oxygen  atoms  to 
active  nitrogen.  By  varying  the  potential  between  their 
electrodes,  they  were  able  to  measure  the  mobility  of  the 
ions  produced  in  their  reactor.  The  mobility  was  exactly 
that  which  would  obtain  for  NO^. 

The  principle  removal  mechanism  for  ions  is  dis¬ 
sociative  recombination  with  thermal  electrons  and  the 
branching  ratio  for  N(^D)  production  in  NO*'  dissociative 
attachment  is  essentially  unity. Thus,  if  reaction  (3b)  is 
indeed  the  primary  channel  for  quenching  by 

atomic  oxygen,  then  the  effects  resulting  from  N(^/>)  pro¬ 
duction  in  the  upper  atmosphere  would  be  indistinguish¬ 
able  from  those  resulting  from  N(^D)  production.  This  is 
because  N(^/*)  atoms  will  be  predominantly  converted  to 
N(^Z»  either  by  dissociative  recombination  of  NO'*'  with 
electrons,  reaction  (3b),  or  via  radiation  to  N(^i»  at  1040 


nm. 

The  electrodes  were  not  designed  to  collect  the  total  jhe  principal  processes  for  N(*P)  removal  at  altitudes 

ion  current  generated  in  the  flow  reactor.  As  a  result,  the  above  100  km  are  quenching  by  O  atoms  and,  above  180 
magnitude  of  the  ion  current  can  only  be  used  to  determine  lun,  radiative  decay.  N(^/»)  radiates  both  in  the  infrared  at 
a  lower  limit  to  the  efficiency  of  the  chemi-ionization  chan-  1040  nm  to  N(*D)  and  in  the  ultraviolet  at  346.6  nm  to 

N(*5).  The  transition  probability  of  the  1040  nm  transi¬ 
tion  is  16  times  that  of  the  346.6  nm  transition.  Thus, 
94%  of  the  N(^P)  that  radiates  will  end  up  as  N(^D). 

Overall  N(^/))  production  rates  in  an  aurora  are  much 
larger  than  those  for  N(  V)  (Ref  28)  and  N(^/’)  quench¬ 
ing  by  O  atoms  is  an  order  of  magnitude  faster  than  is 
quenching  by  Oj.  Thus,  only  in  a  deeply  penetrating  aurora 
should  NOfv)  production  from  the  reaction  of  Nl^/*)  with 
O2  be  important 

Rawlins  et  a£^  have  observed  high  /  rotational  band- 
heads  in  the  infrared  spectrum  of  NO(v,y)  produced  in  the 
interaction  of  discharged  nitrogen  with  O^.  They  specu¬ 
lated  that  these  bandheads  arose  because  a  large  fraction  of 
the  exoergmty  of  reaction  (2)  ended  up  as  routional  en¬ 
ergy  in  the  product  NO.  They  hypothesized  that  the  rota- 
tionally  hot  NOfv,/)  could  lead  to  significant  emission  in 
infrared  bandpasses  generally  thought  to  be  devoid  of  ra¬ 
diation. 

Some  support  for  the  productitm  of  NO(i;,y)  band- 
heads  in  a  disturbed  atmosphere  issues  from  the  interfero¬ 
metric  dMervation  of  an  aurora  by  E^y  et  aL^  They  oth 
served  several  emission  peaks  to  the  blue  of  the  main 
NO(v,y)  emission  band.  These  peaks  matched  the  location 
of  the  rotational  bandheads  observed  by  Rawlins  et  aL 
(N(2P)|  (arovary  uron)  Vallance  Jones  and  Gattinger^  have  discussed  how  the 

mean  altitude  of  an  aurora  can  be  determined  by  compar- 
RG.  6.  Rdatioasiiip  between  saturated  km  current  and  (N(-’RI  for  '"B  ^  emission  intensity  of  the  N(^P-^Z))  emission  at 
lUcd  (O).  'T040  nm  to  that  from  the  Nj  first-negative  system. 
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or  some  other  radiative  feature 
known  to  be  in  fixed  ratio  with  the  Nf  ( B-X)  emission. 
The  ( B)  emission  intensity  is  a  measure  of  the  ion-pair 
production  rate  in  an  aurora.  The  pnmary  production  pro¬ 
cess  for  N(‘/’)  is  dissociative  excitation  of  N;  by  the  elec¬ 
trons.  *“  This  process  has  a  cross-section  energy  dependence 
similar  to  that  of  Nf  production,  so  the  ratio  of  excitation 
rates  of  to  Nj”  should  remain  relatively  constant 

over  the  range  of  typical  auroral  excitation  conditions. 
NT  ( 5)  has  a  radiative  lifetime  of  65  ns  and  will  not  suffer 
quenching  at  any  auroral  altitudes.  Any  diminution  in  the 
ratio  of  emission  intensities  of  N(^/*)  to  NJ”  ( B),  therefore, 
will  be  related  to  the  local  O-atom  number  density.  The 
local  altitude  of  the  observed  emission  can  be  determined 
using  a  model  atomic  oxygen  altitude  profile. 

Zipf  et  ai  used  a  variation  of  this  approach  to  esti¬ 
mate  the  rate  coefficient,  ky  They  determined  changes  in 
the  N(^/»)  to  N2*(ff)  intensity  ratio  as  a  function  of  alti¬ 
tude  from  data  taken  during  a  rocket  flight.  Combining 
their  intensity  ratio  observations  with  an  assumed  O-atom 
number  density  profile  allowed  them  to  infer  a  value  for 
of  IX  10"“  cm^  molecule"' s' in  reasonable  accord 
with  our  direct  measurement. 

V.  SUMMARY 

We  have  determined  rate  coefficients  for  N(*i*) 
quenching  by  Oj  and  O  to  be  (2.2  ±0.4)  X  10  and  (1.7 
±0.4) X  10"“  cm^  molecule"'  s"',  respectively.  Our  ob¬ 
servation  of  ion  production  in  the  N(V)/0  atom  system 
indicates  chemi-ionization  to  form  NO*  is  probably  a  sig¬ 
nificant  reaction  channel  in  this  system,  in  contradiction  to 
theoretical  arguments. 

ACKNOWLEDGMENTS 

We  appreciate  financial  support  from  the  Defence  Nu¬ 
clear  Agency  (Project  SA,  Task  SA/SDI,  work  unit 
00175)  and  the  Air  Force  Office  of  Scientific  Research 
(Task  23 1004)  through  Contract  No.  F19628-88-C-0173 
with  the  Phillips  Laboratory,  Geophysical  Directorate.  We 
were  grateful  to  receive  correspondence  from  Sir  David 
Bates  and  Harvey  Michels.  The  advice,  comments,  and 


criticisms  of  PSI  colleagues  Dave  Green,  George  Cale¬ 
donia.  Terry  Rawlins,  Bill  Marinelli,  and  Mark  Fraser 
were  most  welcome. 

'G  E.  Caledonia  and  J.  f.  Kennealy.  Planet.  SoaceSci.  30.  1043  (1982) 

-J  P  Kennealy.  F.  P  DelGreco.  G.  E.  Caiedonia.  and  B.  D  Green,  J 
Chem.  Phys.  69.  IS74  (1978). 

'C.  L.  Lin  and  F  Kauinan.  J.  Chem.  Phys.  5S,  3760  ( 1971 ). 

*M.  P.  lannuzai  and  F.  Kaufman.  J.  Chem.  Phys.  73.  4701  ( 1980). 

’O.  Husain.  S.  K.  Mitm.  and  A..  N.  Young.  J,  Chem.  Soc.  Faraday 
Trans.  11  70.  1721  (1974). 

•G.  Black.  T.  G.  Slan^.  G.  A.  St.  John,  and  R.  A.  Young,  J.  Chem. 
Phys.  51.  116  (1969). 

’T.  G.  Slangef.  B.  J.  Wood,  and  G.  Black.  J.  Geophys.  Res.  76.  8430 
(1971). 

*L.  G.  Piper.  M.  E.  Donahue,  and  W  T.  Rawlins,  J.  Phys.  Chem.  91. 
3883  (1987). 

’W.  T.  Rawlins.  M.  E.  Fraser,  and  S.  M.  Miller.  J.  Phys.  Chem.  93.  1097 
( 1989). 

'®R.  A.  Young  and  O.  J.  Dunn.  J.  Chem.  Phys.  63.  1150  ( 1975). 

"C.  M.  Phillips.  J.  I.  Steinleid.  and  S.  M.  Miller,  J.  Phys.  Chem.  91.  5001 
( 1987). 

'“M.  F.  Golde.  and  B.  A.  Thrush.  Discuss.  Faraday  Soc.  S3.  233  ( 1972). 
'*E.  C.  Zipf.  P.  J.  Espy,  and  C.  F.  Boyle.  J.  Geophys.  Res.  85, 687  ( 1980). 
'*D.  R.  Bates.  Planet.  Space  Sci.  37.  1 145  ( 1989). 

'’H.  H.  Michels.  Adv.  Chem.  Phys.  45.  223  ( 1972). 

'*L.  G.  Piper.  J.  Chem.  Phys.  90.  7087  ( 1989). 

G.  Piper.  J.  Chem.  Phys.  91.  3516  (1989). 

"D.  W.  Setser,  D.  H.  Stedman.  and  J.  A.  Coxon.  J.  Chem.  Phys.  53.  1004 
(1970). 

'*D.  H.  Stedman  and  D.  W.  Setser,  Chem.  Phys.  Lett.  2,  542  ( 1968). 
*L.  G.  Piper,  G.  E.  Caledonia,  and  J.  P.  Kennealy.  J.  Chem.  Phys.  75. 
2847  (1981). 

•'L  O.  Piper  and  W.  T.  Rawlins,  J.  Phys.  Chem.  30,  320  ( 1986). 

“W.  T.  Rawlins  and  U  G.  Piper.  Proc.  Soc.  Photo.-Opt.  Instrum.  Eng. 
279.  58  (1981). 

'*A.  Taghi()our  and  W.  Bicnnaii.  Chem.  Phys.  37,  363  ( 1979). 

=‘E.  E  Ferguson.  F.  C.  FensenfehL  and  A.  L.  Schmeltekopf.  in  Advancts 
in  Atomic  and  Molecular  Physics  K  edited  by  D.  R.  Bates  ( Academic. 
New  York.  1970). 

^C.  R.  Gau.  R.  A.  Young,  and  R.  A.  Sharpless.  J.  Chem.  Phys.  39.  1234 
(1963). 

-*J.  L.  QueiTelec.  B.  R.  Rowe.  M.  Morlais.  J.  C.  Gomel,  and  F  Vallee. 
Planet.  Space  Sci.  33.  263  ( 1985). 

(a)  R.  H.  Garstang,  The  Airglov  and  the  Aurora,  edited  by  Armstrong 
and  A.  Dalgamo  (Perpmon.  New  York.  1956);  (b)  M.  Godefroid  and 
C.  Froese  Fischer.  J.  Phys.  B  17.  681  ( 1984). 

H.  Rees  and  O.  J.  Romick.  J.  Geophys.  Res.  90.  9871  ( 1985). 

^P.  J.  Espy,  C.  R.  HaniK  A.  J.  Steed.  J.  C.  Ulwick.  and  R.  A.  Haycock. 
Planet.  Space  Sci.  36.  543  ( 1988). 

^A.  Vallance  Jones  and  R.  L.  Gaiiinger,  J.  Geophys.  Res.  ®4.  1315 
(1979). 


183 

J.  Chem.  Phys.,  Vol.  98,  No.  n,  1  June  1993 


184 


APPENDIX  L 


Review  of  the  Chemistry  of  Vibrationally  Excited  Nitric  Oxide 
in  the  Disturbed  Upper  Atmosphere 

W.T.  Rawlins 

(Quarterly  No.  12  reproduced  in  its  entirety) 


185 


PSH059 


REVIEW  OF  THE  CHEMISTRY  OF  VIBRATIONALLY  EXCITED 
NITRIC  OXIDE  IN  THE  DISTURBED  UPPER  ATMOSPHERE 


Quarterly  Status  Report  No.  12 
For  the  Period 
1  June  to  31  August  1991 


Under  Air  Force  Contract  No.  F19628-88-C-0173 


Prepared  by: 


W.T.  Rawlins 
Physical  Sciences  Inc. 

20  New  England  Business  Center 
Andover,  MA  01810 


Sponsored  by: 


Air  Force  Geophysics  Laboratory 
Air  Force  Systems  Command 
U.S.  Air  Force 

Hanscom  Air  Force  Base,  MA  01731 


November  1991 


187 


18& 


TA'  OF  CONTENTS 


1.  INTRODUCnON  1 

2.  ELECTRON-INITIATED  CHEMISTRY  3 

2.1  Precursor  Formation  3 

2.1.1  Auroral  Bombardment  3 

2.1.2  Nuclear  Bombardment  6 

2.1.3  Recommendations  8 

2.2  Precursor  Loss  9 

23  NO  Formation  14 

2.4  NO  Loss  Processes  18 

3.  THERMALLY  INITIATED  CHEMISTRY  21 

3.1  Precursor  Formation  21 

3.2  NO  Formation  22 

3.3  NO  Removal  24 

3.4  Recommendations  25 

4.  EXCITATION  OF  NO(v^)  26 

4.1  Chemiexcitation  26 

4.2  Energy  Transfer  34 

43  Radiative  Excitation  37 

4.4  Recommendations  39 

5.  DEACTIVATION  OF  NO  (vj)  41 

S.l  Collisional  Deactivation  41 


iii 

189- 


TABLE  OF  CONTENTS  (Continued) 


Section 

Page 

5.2 

Radiative  Deactivation 

46 

5.3 

Recommendations 

50 

6. 

SUMMARY  AND  CONCLUSIONS 

52 

7. 

REFERENCES 

57 

iv 

190  ^  - 


LIST  OF  FIGURES 


Figure  Page 

1  Auroral  N(^D)  production  rates  as  modeled  by 

Caledonia  and  Kennealy  [5]  for  an  ICB  II  aurora  93 

2  Auroral  N(^)  production  efficiencies  based  on  data  from 
Zipf  et  al.  [8]  and  multiples  of  the  U.S.  Standard 

Atmosphere  [11]  atomic  o^Qrgen  profile  94 

3  Recommended  rate  coefficients  and  uncertainties  for  quenching 

ofN(2D,2p)byO  95 

4  Recent  measurements  of  the  rate  coefficient  for  N(^D)  +  O2 

quenching  at  300  K  96 

5  Rate  coefficients  and  uncertainties  for  reaction  of  N(^D) 

with  Oj  97 

6  Measurements  of  the  rate  coefficient  for  N(^P)  4  O2  quenching 

at  300  K  98 

* 

7  Rate  coefficients  and  uncertainties  for  reaction  of  N(^P) 

with  O2  99 

8  Recommended  rate  coefficients  for  quenching  of  N(^)  100 

9  Recommended  rate  coefficients  for  quenching  of  N(^P)  101 

10  Evaluated  rate  coefficients  for  O2  +  M  dissociation,  extraaed 

from  Baulch  et  al.  102 

11  Evaluated  rate  coefficients  for  N2  +  M  dissociation,  extracted 

from  Baulch  et  al.  103 

12  Recommended  rate  coefficients  and  uncertainties  for  O2  +  M 

and  N2  +  M  dissociation  104 

13  Rate  coefficients  for  the  reaction  of  N(^)  with  O2,  extracted 

from  Baulch  et  al.  105 

14  Comparison  of  recommended  rate  coefficients  for  reaction  of  O2 

with  N(^),  N(2D),  and  N(2p)  106 


V 

191 


LIST  OF  FIGURES  (Continued) 


Figure 

Page 

15 

Rate  coefficient  data  for  the  reaction  of  0  with  N2,  extracted 
from  Hanson  and  Salimian 

107 

16 

Recommended  rate  coefficients  and  uncertainties  for  the  N  +  O2 
and  0  -t-  N2  reactions 

108 

17 

Rate  coefficient  data  for  the  reaction  of  O  with  NO,  extracted 
from  Hanson  and  Salimian 

109 

18 

Rate  coefficient  data  for  NO  +  M  dissociation,  extracted  from 
Hanson  and  Salimian 

110 

19 

Evaluated  rate  coefficients  for  NO  +  M  dissociation,  extracted 
from  Baulch  et  al. 

111 

20 

Recommended  rate  coefficients  and  uncertainties  for  NO  removal 
reactions 

112 

21 

Potential  energy  curves  for  the  low>lying  states  of  NO,  extracted 
from  Kenner  and  Ogryzlo 

113 

22 

Recommended  rate  coefficients  and  uncertainties  for  two-bo<fy 
recombination  of  N  and  O 

114 

23 

Relative  NO(v]^opulations  produced  in  the  energy  transfer 
between  N2(A^y^  and  NO,  from  the  data  of  Piper  and  co-workeis 

115 

24 

Predicted  excitation  rates  for  NO(vsl)  in  the  undisturbed 
upper  atmosphere 

116 

25 

Estimated  rate  coefficients  for  coUlsional  excitation  of  NO(v)  by  O, 
compared  to  the  rate  coefficient  for  chemical  reaction 

117 

26 

Recommended  rate  coefficients  and  uncertainties  for  deactivation 
of  NO(v)  by  0 

118 

vi 

192.-  ' 


LIST  OF  FIGURES  (Continued) 


figucfi 

Page 

27 

Comparison  of  temperature  dependences  for  deactivation  of 
NO(v=l)  by  Oj  N2,  NO,  and  Ar 

119 

28 

Theoretical  dipole  moment  function  of  Billingsley  [1041 
(dashed  curve)  compared  to  potential  curve  for  NO(X%) 

120 

29 

Comparison  of  observed  and  predicted  overtone/fundamental 
branching  ratios 

121 

30 

NO  Einstein  coefficients  for  the  fundamental  and  first 
overtone  sequences 

122 

vii 

193  "  ' 


LIST  OF  TABLES 


Table  Page 


1 

High  Altitude  NO  Chemistry 

66 

2 

Recommended  Average  N*  Production  Rates, 

Atoms/Ion  Pair 

68 

3 

Representative  Kinetic  Parameters  Relevant  to  N*  Production 

69 

4 

Gilmore  Mixing  Rules  for  Ion  and  Excited  State  Production 

Rates  by  Electron  Bombardment  in  Dissociated  or 

Ionized  Air 

71 

5 

Recommended  Kinetic  Parameters  for  N*  CoUisional 

Loss  Processes 

72 

6 

Recommended  Kinetic  Parameters  for  NO  Formation  Reactions 

74 

7 

Recommended  Kinetic  Parameters  for  NO  Removal  Processes 

75 

8  ’ 

Recommended  Kinetic  Parameters  for  High-Temperature  NO 
Formation  and  Removal  Reactions 

76 

9 

Surprisal  Predictions  of  Relative  Initial  Populations 
of  NO(v)  in  the  Reactions  of  N(^D,^)  wi^  O2 

77 

10 

Energy  Transfer  Kinetics  for  N^A^Su"^  +  NO 

78 

11 

Initial  NO(X^II,  v)  Populations  from  N2(A^Lu'^  +  NO 

79 

12 

Estimated  Rate  Coefficients  for  Excitation  of  NO(v) 
by  0  +  NO(v=0)  Collisions 

80 

13 

Suggested  Kinetic  Parameters  for  NO(v,J)  Excitation 

Processes 

81 

14 

Measured  Rate  Coefficients  for  Deactivation  of  NO(v) 
by  N2  and  O2  at  300  K 

83 

15 

Absorption  Coefficients  and  Transition  Probabilities  for 
the  Av= 1  and  Av=2  Transitions  of  NO 

84 

viii 

194-' 


UST  OF  TABLES  (Continued) 


Table 

Page 

16 

Predicted  Einstein  Coefficients  for  NO(Av=l,2) 

Transitions 

86 

17 

Suggested  Einstein  Coefficients  for  NO(Av=l,2) 

Transitions,  T  <  1000  K 

87 

18 

Reconunended  Kinetic  Parameters  for  Deactivation 
of  NO(v) 

88 

19 

Key  Unknown  Factors  in  High-Altitude  NO(v)  Chemistry 

89 

ix 

195  -  .  : 


1.  INTRODUCTION 


Nitric  oxide,  NO,  is  an  upper  atmospheric  trace  species  which  plays  a  vital  role  in 
the  chemical  and  radiative  budgets  of  the  quiescent,  auroral,  and  nuclear-disturbed  upper 
atmosphere.  NO  can  be  formed  in  situ  from  solar/UV  photochemistry,  electron 
bombardment  chemistry,  and  high  temperature  air  dissociation  typical  of  a  high  altitude 
nuclear  burst.  In  the  normal  thermosphere,  its  abundance  varies  widely  depending  on 
conditions  of  insolation,  geomagnetic  activity,  and  horizontal  and  vertical  transport.  Its 
prolific  infrared  and  ultraviolet  r  ration  bands  can  be  excited  by  a  wide  variety  of 
mechanisms,  with  very  different  spectral  distributions  depending  on  the  energy  dynamics 
of  the  excitation  process.  Infrared  radiation  from  the  funda  nental  vibration-rotation 
band  at  S3  /<m  is  the  main  cooli''g  mechanism  for  the  thermosphere,  and  IR  radiation 
from  this  band  and  the  first  overtone  at  2.7  fiva.  presents  seriotis  background 
discrimination  problems  in  nuclear  burst  scenarios.  To  predict  NO  radiation  levels  for  a 
variety  of  nuclear-disturbed  conditions,  one  must  model  the  detailed  kinetics  of  NO 
formation  and  excitation  in  electron-bombarded  and  high  temperature  conditions.  The 
credibility  of  such  predictions  is  limited  by  uncertainties  in  the  relevant  chemical  reaction 
kinetics,  including  experimental  uncertainties  in  previously  measured  kinetic  parameters, 
validity  of  extrapolations  into  unmeasured  physicochemical  regimes,  and  the  possibility  of 
missing  or  unknown  chemical  processes. 

The  purpose  of  this  report  is  to  provide  a  comprehensive  and  critical  review  of  the 
known  chemical  kinetics  of  NO  relevant  to  excitation  of  2.7  /tm  and  S  to  11  ^m  radiation 
in  the  nuclear-disturbed  upper  atmosphere.  Our  objective  is  to  determine  a  set  of 
recommended  kinetic  parameters  and  confidence  limits  for  use  in  predictive  modeling 
and  sensitivity  studies,  and  to  identify  major  gaps  or  uncertainties  in  the  data  base  which 
need  to  be  resolved.  The  temperature  range  of  interest  is  nominally  200  to  8000  K. 

Since  the  altitude  range  of  interest  is  above  •  100  km,  we  will  not  address  three-body 
recombination  chemistry,  nor  will  we  consider  bimolecular  reactions  involving  N2O, 

NO2,  or  on  the  premise  that  these  species  have  no  known  bimolecular  production 
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reactions  iitvolving  diatomic  precursors,  and  will  thus  play  no  significant  role  in  the 
chemistry  of  NO  at  low  pressure.  However,  we  note  that  it  is  conceivable  that  such 
reactions  will  someday  be  demonstrated  (some  have  already  been  suggested),  and  it  may 
eventually  be  necessary  to  reconsider  the  role  of  triatomic  species  such  as  N2O  in  the 
high  altitude  chemistry  of  NO. 

The  relevant  chemical  reactions  are  listed  in  Table  1.  The  reactions  fall  into  two 
basic  classes:  those  which  involve  excited  state  species  formed  from  electron  impact 
processes,  and  those  which  occur  at  high  temperatures.  Data  for  the  excited  state 
chemistry  come  mainly  from  laboratory  experiments  near  room  temperature  and  auroral 
aeronomic  investigations.  These  reactions  are  thus  moderately  efficient  near  room 
temperature,  but  the  scalings  of  their  rate  coefficients  and  product  branching  ratios  with 
temperature  are  essentially  unknown.  The  reactions  relevant  to  high  temperature  air 
have  been  well  studied  by  shock  tube  techniques,  and  most  of  the  rate  coefficients  are 
generally  known  to  a  factor  of  2  at  temperatures  of  2000  to  3000  K.  However,  scalings 
to  higher  temperatures,  and  third  body  efficiencies  where  relevant  (i.e.,  dissociation 
reactions),  are  not  well  known.  Finally,  information  on  specific  product  state  excitation 
and  deactivation  is  very  limited,  and  is  confined  mainly  to  low  temperature 
chemiluminescence  experiments.  Since  the  product  internal  state  distributions  are  very 
sensitive  to  the  detailed  dynamics  of  the  reagent  molecules’  approach  and  collision  with 
one  another,  the  chemical  excitation  and  deactivation  processes  may  have  complex 
temperature  dependencies  which  are  virtually  impossible  to  predict  with  any  confidence 
using  simple  kinetic  arguments. 

In  this  evaluation,  we  attempt  to  provide  high  temperature  extrapolations  of  the 
existing  data  using  reasonable  assumptions  of  simple  kinetic  theory,  and  to  define 
conservative  uncertainty  bounds.  The  resulting  data  base  should  then  be  used  in 
systematic  modeling  sensitivity  studies  to  determine  the  impact  of  key  kinetics 
uncertainties  on  predictions  for  a  given  scenario.  In  the  following,  we  discuss  the 
reactions  of  Table  1  on  a  case-by-case  basis,  assess  ranges  of  uncertainty  and  key 
research  requirements,  and  present  plots  of  rate  coefficients  in  Arrhenius  form. 


2.  ELECTRON-INITIATED  CHEMISTRY 

2.1  Precursor  Formation 

The  primary  formation  of  NO  precursors  at  high  altitude  (-  100  to  300  km)  is 
through  electron  impact  processes  giving  rise  to  the  metastables  N(^D)  and  N(^P). 

These  species  react  with  O2  to  provide  the  primary  source  of  NO  in  the  thermosphere. 
The  principal  N(^D,^P)  formation  processes  are  listed  in  Table  1,  Reactions  (la.l)  to 
(la.5).  In  the  quiescent  daytime  thermosphere,  N(^D)  is  produced  mainly  by  e*  +  NO 
with  additional  contributions  from  N2'^  +  O  and  e*  +  N2,  and  significant  contribution 
from  e*  +  N 2 ‘''above  250  km.  [1]  During  an  auroral  bombardment.  Reactions  (la.l), 
(la.3),  and  (la.4)  provide  roughly  equal  contributions  between  110  and  200  km,  the 
altitude  range  in  which  most  of  the  NO  formation  occurs.  [2,3]  In  a  strong 
bombardment,  where  the  electron  number  densities  are  large  enough  for  dissociative 
recombination  of  N 2 ‘'’to  compete  with  charge  transfer.  Reaction  (la.2)  supplants  (laJ) 
and  (la.4)  as  the  major  source  of  N*.  [4]  Thus  the  relative  importance  of  the  various 
source  terms  depends  upon  the  bombardment  scenario  in  question. 

The  customary  method  for  evaluating  N*  production  rates  is  through  detailed 
modeling  of  the  electron  energy  deposition,  using  various  electron  fluxes  and  energy 
distributions  (describing  the  strength  and  penetration  of  the  bombardment)  together  with 
measured  electron  impact  cross  sections.  While  it  is  beyond  the  scope  of  the  present 
paper  to  critically  review  this  complex  data  base,  we  provide  here  a  brief  review 
emphasizing  key  uncertainties  in  defining  N*  production  rates. 

2.1.1  Auroral  Bombardment 

A  considerable  body  of  data  exists  on  the  high  altitude  excitation  of  N(^D)  and 
N(^P),  principally  through  radiometric  observations  of  dipole-forbidden  emissions  from 
these  states  at  520,  346.6,  and  1040  nm  in  weak  overhead  auroras.  In  addition,  N(^) 
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excitation  has  been  modeled  by  several  investigators,  of  whom  only  a  few  are  cited  here. 
Unfortunately,  there  is  little  quantitative  closure  between  the  models  and  the  measure¬ 
ments  because  of  unknown  factors  affecting  the  measurement  interpretation  (O-atom 
number  densities,  electron  hardness,  vertical  altitude  profiles  corresponding  to  overhead 
brightness,  ion  pair  production  rates)  and  uncertainties  in  the  kinetic  models  (incorrect  O 
quenching  rate  coefficients,  uncertain  radiative  transition  probabilities). 

Caledonia  and  Kennealy  [S]  modeled  N(^D,^P)  produaion  in  an  I6C  11  aurora 
("  8  kR  overhead  brightness  at  391.4  nm)  with  the  results  shown  in  Figure  1.  The  total 
N*  production,  which  was  taken  to  be  N(^D)  only,  was  computed  to  be  •  1.5  N(^D)/ion 
pair.  The  data  sources  were  measurements  of  Kley  et  al.  [6]  for  Reaction  (laJ), 
estimates  of  Frederick  and  Rusch  [1]  for  Reactions  (la.4)  and  (la.S),  and  theoretical 
predictions  of  Porter  et  al.  (7]  for  Reaction  (la.l).  The  yield  of  N(^D,  ^P)  from 
dissociative  excitation  of  N2,  0.57  atoms/ion  pair,  is  slightly  larger  than  the  value  of  0.47 
(03  N(^D)  +  0.17  N(^P))  determined  by  Zipf  et  al.  [8J  from  measurements  of  the 
electronic  excitation  cross  sections  by  Zipf  and  McLaughlin  [9]  together  with  pre- 
dissociation  considerations. 

Predictions  by  Rusch  and  Gerard  [2]  for  a  weak  nighttime  aurora  (<  03  kR 
overhead  brighmess  at  391.4  nm)  are  generally  consistent  with  the  results  of  Caledonia 
and  Kennealy;  however,  notwithstanding  the  authors’  claims  of  good  agreement  between 
their  predictions  and  their  data,  Rusch  and  Gerard’s  reported  overhead  brightnesses  at 
427.8  and  520  nm  indicate  an  apparent  N(^D)  production  rate  on  the  order  of  *  10 
atoms/ion  pair,  or  about  an  order  of  magnitude  larger  than  the  model  prediction. 
Similarly,  brightness  ratios  reported  by  Siyjce  and  Marshall  [lO]  for  ground-based 
measurements  of  weak  auroras  at  346.6  nm  and  520  nm  indicate  N(^D)/N(^P) 
production  rate  ratios  on  the  order  of  100,  as  opposed  to  the  factor  of  •  6  implied  by  the 
models  cited  above.  More  recent  calculations  by  Rees  and  Romick  [3]  for  a  weak 
nighttime  aurora  («  4  to  5  kR  at  391.4  nm)  give  altitude  dependent  yields  which 
asymptote  above  140  km  to  0.12  N(^P)/ion  pair,  039  N(‘*S)/ion  pair,  and  132 
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N(^D)/ion  pair;  however,  in  contrast  to  the  other  model  predictions  cited  above,  the 
main  contributors  to  N(^D)  production  are  predicted  to  be  Reactions  (la.3)  and  (la.4), 
with  dissociative  excitation  of  N2  playing  only  a  minor  role.  Thus  the  total  N* 
production  rates  predicted  by  the  models  are  all  near  1.5  atoms/ion  pair,  but  the 
branching  fraction  for  N(^P)  production  is  not  well  understood  and  may  be  a  sensitive 
function  of  the  hardness  of  the  dosing,  at  least  for  weak  auroras  (see  Zipf  et  al.  [8],  Rees 
and  Romick  [3]).  In  addition,  the  available  data  for  auroral  N(^D)  production  appear  to 
be  highly  uncertain  at  best,  and  do  not  corroborate  the  model  predictions. 

The  measurements  of  Zipf  et  al.  [8]  provide  useful  data  on  the  auroral  production 
efficiency  of  N(^P)  in  a  moderate  aurora.  These  measurements  consist  of  rocketbome 
observations  of  overhead  brightness  at  346.6  and  391.4  nm  as  functions  of  altitude 
through  an  IBC  II  aurora  (10  kR  at  391.4  nm,  overhead  brightness  from  110  km).  Since 
the  primary  loss  process  for  N(^P)  is  quenching  by  O,  whose  room  temperature  rate 
coefficient  is  now  well  known  (vide  infra),  it  is  straightforward  to  apply  steady*state 
kinetics  to  the  Zipf  et  al.  data  to  solve  for  an  auroral  production  efficiency. 
Unfortunately,  the  atomic  oxygen  number  density  profile  was  not  measured  and  must  be 
treated  parametrically.  Our  procedure  was  to  convert  their  observed  volume  emission 
rates  at  391.4  and  346.6  nm  into  ion  pair  production  rates  and  N(^)  number  densities  as 
functions  of  altitude.  We  then  corrected  the  N(^P)  number  densities  for  quenching  O 
and  O2  and  radiative  loss  to  obtain  steady-state  production  rates  for  N(^).  The  major 
term  in  this  correction  is  O  quenching,  and  we  used  several  multiples  of  the  atomic 
oxygen  profile  given  by  the  U.S.  Standard  Atmosphere  [11].  This  profile  is  similar  to 
measured  O  profiles  characteristic  of  the  auroral  thermosphere  [12].  The  resulting  ratios 
of  N(^P)  and  ion  pair  production  rates  are  plotted  in  Figure  2.  The  median  value  is  • 
0.3  N(^P)/ion  pair;  to  achieve  the  value  of  0.17  atoms/ion  pair  deduced  by  Zipf  et  al. 
from  modeling  the  dissociative  excitation  of  N2  would  require  an  O  profile  at  about  half 
the  USSA  number  density.  For  comparison,  N(^P)  production  rates  inferred  from 
observations  of  1040  nm  emission  are  reported  to  be  0.38  [13]  and  0.33  [14]  atoms/ion 
pair,  in  reasonable  agreement  with  the  value  of  0.3  we  infer  above  from  346.6  nm  data. 
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Unfortunately,  because  the  O  number  densities  for  the  measurements  are  not 
known,  the  measured  efficiency  is  uncertain  by  about  a  factor  of  2  to  3.  However,  the 
data  provide  a  reasonable  indication  that  the  N(^P)  production  rate  is  significantly  larger 
than  the  modeled  e'  +  N  2  contribution.  This  would  suggest  another  source,  and  Zipf  et 
al.  have  suggested 


O  +  N2>  4  2)  -  no  •"  +  N(2p)  . 

There  are  no  experimental  data  to  confirm  this  reaction  path.  Alternatively,  perhaps  the 
N(^)  yield  from  dissociative  excitation  of  N2,  which  is  a  sensitive  function  of  dosing 
hardness  for  very  weak  bombardments,  is  also  sensitive  to  the  electron  energy 
distributions  in  the  range  encountered  for  IBC  II-III  auroras,  and  increases  with  average 
electron  energy.  This  possibility  is  not  supported  by  the  Zipf  cross  sections.  In  any  case, 
it  seems  likely  that  the  N(^P)  production  efficiency  in  moderate  to  strong  auroras  is 
larger  than  commonly  believed:  we  have  shown  [IS]  that,  even  assuming  OJ  N(^)/ion 
pair,  it  is  difficult  to  account  for  high-rotation  NO(vJ)  radiances  observed  [16]  in  an 
overhead  IBC  114-  aurora,  presumably  arising  from  the  reaction  of  N(^)  with  O2  [17]. 

2.1.2  Nuclear  Bombardment 

The  electron  impact  chemistry  for  strong  bombardment  scenarios  has  been  treated 
extensively  by  Gilmore  [4,18]  and  we  adopt  his  recommendations  here.  For  large 
electron  number  densities,  where  electron-molecule  reaction  rates  are  larger  than 
molecular  charge  transfer  rates,  N  production  occurs  primarily  through  Reactions  (la.1) 
and  (la.2).  As  time  progresses  and  the  electron  number  densities  decrease  through 
recombination,  the  system  relaxes  toward  the  auroral  case  described  above,  and  the  ion- 
molecule  reactions  become  more  important  Thus  different  reactions  will  dominate  at 
different  times  during  the  bombardment  and  the  corresponding  N*  production 
efficiencies  will  vary  accordingly. 
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Gilmore’s  computed  N  *  yields  from  dissociative  excitation,  based  on  the  cross 
sections  given  by  Zipf  and  coworkers  [8,9],  are  0.42,  0.25,  and  0.62  atoms/ ion  pair  for 
N(^D),  N(“P),  and  N(^),  respectively.  These  values  are  similar  to  those  obtained  by 
Zipf  et  al.  [8]  for  auroral  conditions,  with  a  30  to  50%  increase  in  dissociation  rate  but 
essentially  no  changes  in  computed  relative  N(''S,^D,^P)  branching  ratios  for  the  more 
energetic  bombardment  conditions.  Gilmore’s  predicted  yields  for  the  dissociative 
recombination  of  N  2'*' are  based  oi.  theoretical  branching  ratio  predictions  of  Michels 
[19],  as  well  as  on  the  rate  coefficient  measured  by  Mehr  and  Biondi  [20]  and  on  the 
code  prediction  [4]  of  0.64  N27^oi^  However,  in  contradiction  to  the  Michels 
prediction  of  1.08  N(^D)  and  0.92  per  N2‘^  recombination,  measurements  by 
Queffelec  et  al.  [21]  show  N*  metastable  yields  in  excess  of  1.85  per  recombination. 
Indeed,  more  thorough  analysis  of  Queffelec  et  al.’s  results  leads  to  the  following: 

e-  +  N2>=0)  -  2  N(2d) 

e*  +  N2>=1)  -  1.5  N(2d)  +  0.5  N(2p)  . 

♦ 

These  results  certainly  have  a  significant  effect  on  predictions  of  the  net  N*  yields 
for  the  strong  bombardment  case,  and  we  recommend  modifying  Gilmore’s  values  to 
incorporate  the  large  N(^D)  yields  observed  by  Queffelec  et  al.  In  addition,  it  is  likely 
that  significant  N(^)  is  also  produced,  depending  on  the  vibrational  distribution  of  the 
N2'^;  this  could  result  in  as  much  as  a  doubling  of  the  predicted  production  rate  of 
N(2p). 

Finally,  in  view  of  the  poor  comparison  between  predictions  and  auroral  data,  it  is 
important  to  consider  other  potential  sources  of  N(^D,^P).  One  such  class  of  processes 
is  the  family  of  reactions 

N(^)  +  N2  -  N2  ♦  N(2D,2p)  (1) 

where  N2*  is  vibrationally  and/or  electronically  excited  N2.  States  above  N2(X'Sg^ 
v*9)  and  N2(X,  v=14)  are  sufficiently  energetic  to  excite  N(^)  to  N(^)  and  N(^), 
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respectively.  As  an  example  of  such  a  reaction.  Piper  [22]  has  shovm  that  the  reaction  of 
N  with  N2(A^E„'*’,  v»0,1)  proceeds  at  room  temperature  with  a  rate  coefficient  of 
(4.0±0.5)  X  10'^^  cm^  molecule'^  s*',  with  an  N(^P)  yield  of  essentially  unity.  Indeed, 
an  apparent  excess  of  N(^)  production  observed  by  Piper  suggests  either  an  error  in  the 
N(^  -  '‘S)  transition  probability  or  significant  production  of  N(^P)  by  N2(X,v)  present 
in  the  reactor.  However,  to  provide  a  significant  source  of  N*  in  an  upper  atmospheric 
bombardment,  Reaction  (1)  would  have  to  compete  successfully  with  rapid  removal  of 
N(^)  by  NO  and  with  quenching  of  Nj*,  primarily  by  O  and  to  a  lesser  extent  by  O2. 
Evaluations  of  these  processes  are  discussed  in  later  sections  of  this  report.  Evaluation 
of  the  role  of  Reaction  (1)  in  the  disturbed  upper  atmosphere  would  require 
suf^lemental  data  on  N2*  excitation,  not  covered  in  this  report.  These  processes  have 
been  carefully  modeled  by  Cartwright  [23]  for  auroras  and  by  Gilmore  [4,18]  for  strong 
bombardments. 

2.1.3  Recommendations 
% 

Our  recommended  N*  production  rates,  in  atoms/ion  pair,  are  listed  in  Table  2 
for  the  auroral  and  strong  bombardment  limits.  We  note  that  these  rates  will  actually  be 
fairly  sensitive  to  altitude  at  the  lower  edge  of  the  dosing  penetration,  and  treatment  of 
these  effects  should  involve  detailed  modeling  of  the  electron  deposition.  Relevant  (but 
not  critically  reviewed)  kinetic  data  and  literature  sources  are  listed  in  Table  3.  Scaling 
formulae  for  species  production  rates  for  electron  bombardment  of  dissociated  and 
ionized  air,  as  suggested  by  Gilmore  [18],  are  listed  in  Table  4. 

A  complete  review  of  excitation  cross  sections,  modeling  calculations,  and 
supporting  laboratory  and  aeronomic  data  is  beyond  the  scope  of  the  present  report; 
however,  we  recommend  that  such  a  critical  review  be  performed  in  order  to  evaluate 
the  aeronomic  and  laboratory  data  base,  and  to  provide  a  more  objective  determination 
of  the  uncertainties  of  the  predictions.  At  the  present  time,  we  subjectively  ascribe  an 
overall  confidence  of  ±  a  factor  of  2  in  the  recommended  production  rates.  However, 
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this  confidence  is  not  supported  by  any  auroral  or  experimental  data,  and  we  funher 


Additional  unknown  factv>rs  which  are 


required  to  properly  interpret  such  measurements  include  the  absolute  transition  proba¬ 
bilities  for  N(^D  -  ^),  520  nm,  N(^P  -  ^),  346.6  nm,  and  N(^P  -  ^D),  1040  nm;  these 
are  known  only  from  the  theoretical  work  of  Garstang  [24,25]  (see  Table  3),  and  should 
be  determined  experimentally  and/or  verified  theoretically. 

We  also  note  that  the  present  factor-of-2  uncertainty  in  the  auroral  predictions, 
together  with  the  poor  comparisons  to  the  data  base,  allow  room  for  the  existence  of 
hitherto  unidentified  N*  source  reactions  (particularly  for  N(^P))  which  could  scale  to 
greater  significance  in  the  strong  or  intermediate  bombardment  cases.  Missing  sources 
of  N(^)  could  have  profound  effects  on  predictions  of  high-rotation  NO(vJ)  spectral 
signatures  (vide  infra). 

It  is  also  important  for  the  nuclear  case  to  consider  the  effects  of  high  vibrational 
and  gas-kinetic  temperatures  on  the  cross  sections  and  product  branching  ratios  for 
dissociative  excitation,  dissociative  recombination,  and  ion-molecule  reactions.  In 
particular,  in  the  electron  impact  processes  where  Franck-Condon  factors  affect  the 
excitation  to  dissociative  or  predissociative  electronic  states,  vibrational  excitation  of  the 
reactant  molecule  can  open  new  channels  for  product  atomic  state  formation  which 
would  not  be  observed  in  room  temperature  interactions.  This  is  clearly  the  case  for  the 
dissociative  recombination  of  N2^as  described  above.  Vibrational  temperature  effects 
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2.2  Precursor  Loss 


The  primary  high-altitude  N*  loss  processes  are  listed  in  Table  1,  Reactions  (Ib.l) 
through  (lb.  11).  In  the  auroral  atmosphere,  the  main  loss  processes  for  N(^,^P)  are 
quenching  by  O  and  02^  There  are  now  good  kinetic  data  for  these  reactions  at  room  • 
temperature,  but  reliable  information  on  temperature  dependencies  is  practically 
non-existent.  Thus  extrapolation  of  the  room  temperature  data  to  strong  bombardment 
conditions  is  highly  uncertain.  However,  superelastic  quenching  by  electrons  will 
dominate  even  gas-kinetic  molecular/atomic  quenching  at  electron  densities  above  about 
10^^  cm*^,  so  the  molecular  processes  will  be  most  important  in  the  cooler 
recombination  regions  of  the  plasma  where  the  electron  densities  are  approaching 
ambient  conditions. 

The  rate  coefficient  for  quenching  of  N(^D)  by  O  is  a  critical  aeronomic 
parameter  and  has  been  the  subject  of  controversy  for  the  past  15  years  [26].  Rate 
coefficient  values  have  been  inferred  many  times  from  aeronomic  models  of 
thermospheric  NO  and  520  nm  airglow/auroral  data,  and  tend  to  be  erroneously  low,  in 
the  lO*'^  cm^  s*’^  range.  However,  in  view  of  the  significant  uncertainties  in  N(^D) 
production  rates  and  (usually)  in  the  atomic  o;^gen  number  densities  used  in  these 
models,  it  is  in^propriate  to  treat  the  quenching  rate  coefficient  as  an  adjustable 
parameter  to  be  determined  from  the  model.  Laboratory  measurements  [27-30] 
generally  agree  on  a  room  temperature  value  in  the  range  (1-2)  x  10'^  cm^  s'^.  A 
recent  controversial  laboratory  determination  of  2.1  x  10*^^  cm^  s'^,  reported  by  Jusinski 
et  al.  [31],  is  seriously  incompatible  with  modeling  of  atmospheric  N('*S),  N(^D),  0(^D), 
and  NO  profiles  [32],  and  is  subject  to  several  likely  experimental  artifacts  [29^0].  We 
consider  the  result  reported  by  Piper  [29],  (1.06±0.26)  x  10’^  cm^  s'^  at  room 
temperature,  to  be  the  most  precise  and  incontrovertible  result  available,  because  of  the  • 
use  of  resonance  fluorescence  to  diagnose  well-defined  N(^D)  decays  at  very  low  reagent 
number  densities,  the  careful  avoidance  of  mixing  and  flow  artifacts,  and  the  use  of  three 
different  techniques  for  chemical  generation  of  O  in  the  reactor.  This  value  is  in 
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excellent  agreement  with  most  of  the  other  laboratory  measurements  [27,28,30]  as  well  as 
widi  recent  aeronomic  results  [32].  In  addition,  Davenport  et  al.  [27]  reported  some 
evidence  for  a  temperature  dependence  (activation  energy)  of  1.0±  O.S  kcal/mole,  which 
we  adopt  here.  However,  we  stress  that  tl»  temperanire  dependence  data  are  meager  at 
St,  and  the  uncertainty  in  this  rate  coefficient  at  high  tenqterature  is  large  even  though 
value  at  room  temperature  is  very  well  determined.  The  uncertainty  is  illustrated  in 
.enius  form  in  Figure  3. 

Quenching  of  N(^P)  by  O  is  less  well  understood.  Rate  coefficients  derived  from 
laboratory  [33,34]  and  aeronomic  [8]  measurements  are  in  the  slxlO*^^  range.  Very 
recent  results  of  Piper  [35]  give  a  value  of  (1.7±0.3)x  10*^^  cm^  s'^  at  room 
temperature.  The  relatively  large  rate  coefficient  for  this  reaction  is  surprising  in  view  of 
the  much  smaller  values  for  N(^D)  +  O  and  for  most  other  N(^P)  quenching  reactions 
[26],  Golde  and  Thrush  [33]  suggested  that  the  large  rate  coefficient  resulted  from  a 
chemi-ionization  product  channel  to  form  NO  t  and  Piper  [36]  reports  observation  of 
NO  ''’as  a  major  product  of  the  quenching  process.  However,  Bates  [37]  has  argued  on 
theoretical  grounds  that  the  chemi-ionization  channel  does  not  occur.  Aeronomically, 
this  channel.  Reaction  (lb.4),  is  indistinguishable  from  (lb.3),  since  the  primary  fate  of 
NO  '''is  to  form  N(^D)  via  Reaction  (la.3);  however,  the  resulting  N(^D)  production  rate 
is  periiaps  an  order  of  magnitude  larger  than  one  might  expect  for  physical  quenching  of 
N(^)  to  N(^D).  The  absolute  NO  "'’yield  has  not  yet  been  quantifred  by  Piper;  we  have 
assumed  it  to  be  unity.  There  are  no  data  on  the  temperature  dependence  for  this 
reaction,  and  we  assume  there  is  no  activation  energy.  Thus  the  extrapolation  of  the  rate 
coefficient  and  product  branching  ratios  to  elevated  temperatures  is  highly  uncertain,  as 
shown  in  Figure  3. 

The  room  temperature  quenching  of  N(^D)  by  O  2  has  been  studied  by  several 
investigators  [28,39-43]  with  results  that  agree  well  within  the  various  experimental 
uncertainties  as  shown  in  Figure  4.  Again,  the  result  of  Piper  and  coworkers  [44], 
(4.6±0.5)x  10*^^  cm^  s'^,  appears  to  be  the  most  accurate  owing  to  the  resonance 
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fluorescence/discharge  flow  techniques  used.  Unfortunately,  information  on  temperature 
dependence  is  limited  to  an  estimate  by  Slanger  et  al.  [43]  of  near-zero  activation  energy 
over  a  limited  temperature  range  near  room  temperature.  Consequently,  extrapolation 
to  higher  temperatures  is  quite  uncertain.  Furthermore,  the  possible  occurrence  of  a 
reactive  channel  with  significant  activation  energy  could  cause  an  increase  in  the 
temperature  dependence  of  the  overall  quenching  process  at  higher  temperatures,  as 
discussed  further  in  Subsection  2.3.  This  possibility  is  supported  by  COCHISE 
observations  of  NO(v)  formation  [17],  which  imply  a  low-temperamre  rate  coefficient  of 
(4-12)  X  10'^  cm^  s'^  at  80  K.  The  resulting  range  of  uncertainty  in  the  recommended 
rate  coefficient  is  shown  in  Figure  5.  We  will  discuss  the  contributions  from  the  reactive 
channel  (NO  formation)  in  Subsection  23,  and  the  NO(v)  excited  state  distributions  in 
Section  4. 

The  rate  coefficient  for  quenching  of  N(^)  by  O2  is  somewhat  less  well  studied 

than  that  for  N(^),  but  the  available  measurements  [2834,40,46],  all  at  room 

temperature,  agree  to  well  within  a  factor  of  2,  as  shown  in  Figure  6.  The  recent 
* 

measurements  of  Piper  [35]  offer  the  best  precision  owing  to  his  high  measurement 
sensitivity  and  his  use  of  a  "clean"  N(^P)  chemical  generation  technique,  rather  than  the 
more  commonly  used  discharge  afterglow  approach  which  is  complicated  by  secondary 
reactions  generating  N(^).  The  rate  coefficient  reported  by  Piper  [35]  is  (22  ±03)  x 
10*^  cm^  s'^  at  room  temperature.  There  are  no  data  on  the  temperature  dependence 
of  the  total  quenching  reaction;  by  analogy  with  the  N(^D)  reaction,  we  have  assumed 
zero  activation  energy.  COCHISE  observations  [17]  of  rovibrationally  excited  NO(v3) 
apparently  produced  in  this  reaction  imply  a  rate  coefficient  of  (1.5-9)  x  10'^  cm^  s*^  at 
80  K,  which  is  consistent  with  small  or  negative  activation  energies,  as  illustrated  in 
Figure  7.  We  will  discuss  the  reaaive  channel  in  more  detail  in  Subsection  23,  and  the 
NO(v,J)  excited  state  distributions  in  Section  4. 

The  quenching  of  N(^,^)  by  N  2  is  inefficient  at  room  teiuperature  [26]  and  is 
unlikely  to  impact  any  high  altitude  scenario.  N(^D)  quenching  is  less  than  10*^  x  gas 


kinetw,  and  N(  ^P)  quenching  is  at  least  two  orders  of  magnitude  slower  than  that.  These 
rate  coefficients  probably  increase  with  temperature,  and  perhsq>s  also  with  vibrational 
quantum  of  N2(v)  (consider  microscopic  reversibility  of  Reaction  (1));  however,  given  the 
larger  rate  coefficients  for  quenching  by  O  and  e',  it  is  unlikely  that  N2  quenching  would 
be  significant  in  either  auroral  or  nuclear-dishirbed  conditions.  Recomn^nded  room 
ten^Mrature  rate  coefficients  are  listed  below;  we  offer  maximum  recommended 
activation  energies,  but  we  also  recommend  high  temperature  measurements  of  these 
rate  coefficients  to  conHim  our  assertion  of  their  unimportance  at  high  altitudes. 

The  quenching  of  N(^D,^P)  by  NO  may  contribute  to  N*  deactivation  rates  in 
specialized,  post-nuclear  conditions  when  [NO]  is  large  cm'^)  and  [e']  is  small. 

However,  for  the  most  part,  these  reactions  contribute  more  significantly  as  NO  loss 
processes,  and  perhaps  as  possible  NO  excitation  reactions.  The  recommended  kinetics 
will  be  discussed  in  Subsection  2.4  and  Section  4. 

The  quenching  of  N(^D,^P)  by  superelastic  collisions  with  elections  is  highly 
efficient,  and  will  dominate  N*  loss  kinetics  for  [e']  >  10^^  cm'^,  i.e.  nuclear 
bombardment  conditions.  We  recommend  the  rate  coefficient  parameters  detennined 
from  theoretical  calculations  of  Berrington  and  Burite  [47].  These  expressions,  listed  in 
Table  S,  have  been  partially  verified  by  experimental  measurements  of  Queffelec  et  al. 
[21],  who  inferred  a  value  for  the  quenchii^  of  N(^D)  at  3900  K  (electron  temperature) 
that  was  78%  of  the  theoretical  value.  Owing  to  the  lack  of  more  extensive  experimental 
verification,  we  assign  factor-of-2  uncertainty  limits  for  the  theoretical  rate  coefficients; 
however,  it  seems  likely  that  these  are  generous  bounds. 

It  is  interesting  to  note  that,  at  higher  electron  temperatures,  quenching  by 
electrons  does  not  discriminate  against  N(^D)  (compared  to  N(^P)  as  strongly  as  does 
low-temperature  quenching  by  atomic  oxygen.  This  means  that  the  relative  contribution 
to  NO  excitation  from  the  N(^P)  +  O2  reaction,  which  results  in  a  high  degree  of 
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rotational  as  well  as  vibrational  excitation,  will  be  greater  in  the  strong  bombardment 
case  than  is  commonly  observed  in  auroras. 


Recommendations:  The  recommended  rate  coefficient  parameters  and 
uncertainties  for  high  altitude  N*  collisional  loss  processes  are  listed  in  Table  5.  Note 
that  the  radiative  loss  rates,  listed  in  Table  3,  do  not  contribute  to  N*  loss  at  any  altitude 
where  measurable  NO  formation  can  occur.  The  recommended  rate  coefficients  are 
plotted  in  Arrhenius  format  for  N(^D)  quenching  in  Figure  8  and  for  N(^P)  quenching  in 
Figure  9.  The  primary  uncertainties  lie  in  the  temperature  dependencies  and  product 
branching  ratios  of  the  atomic  and  molecular  quenching  reactions,  in  particular  for 
Reactions  (Ib.l)  through  (lb.6)  of  Table  1.  This  uncertainty  is  most  important  in  the 
range  of  normal  thermospheric  conditions,  200  to  1000  K,  where  most  of  the  NO  is 
formed  from  N*  and  superelastic  quenching  by  electrons  is  not  the  dominant  loss  of  N*. 


determined  within  this  temperature  range.  Our  further  recommendations  concerning  the 
product  channels  for  the  reactions  of  N*  with  O2  are  given  in  Subsection  23.  As  issues 
of  lesser  but  significant  importance,  we  recommend  experimental  verification  of  the 
superelastic  quenching  kinetics  and  of  the  high  temperature  quenching  by  N2. 


The  reaction  sequence  initiated  by  electron  impact  excitation  results  in  the 
formation  of  NO  by  excited  state  chemistry.  Since  excited  state  chemical  reactions  are 
typically  highly  exoergic,  the  NO  that  is  formed  initially  can  have  a  high  degree  of 
internal  (vibrational,  rotational,  electronic)  excitation.  The  excitation  and  deactivation  of 
NO(vJ)  are  discussed  in  detail  in  Section  4;  we  examine  here  the  kinetics  of  total  NO 
formation  via  electron-initiated  excited-state  chemistry,  Reactions  (lc.l)  through  (lc.7)  in 
Table  1. 
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It  is  generally  accepted  that  the  main  source  of  NO  in  the  auroral  and  sunlit 
upper  atmosphere  is  the  reactive  quenching  of  N(^D)  by  O2.  However,  although  the 
overall  quenching  kinetics  are  fairly  well  characterized  (cf.  Subsection  2.2),  there  are  as 
yet  no  definitive  measurements  of  the  efficiency  and  temperature  dependence  of  NO 
production.  The  primary  quenching  pathway  is  presumably  via  chemical  reaction  to  form 
NO  and  O,  as  reported  by  Lin  and  Kaufman  [39].  However,  their  measurement  is  not 
well  documented  and  appears  to  be  far  hrom  conclusive.  It  does  not  appear  that  they 
conected  their  O-atom  production  data  for  the  extensive  N(^D)  quenching  losses  at  the 
flow  tube  wall,  hence  their  reported  observation  of  1.2  O-atoms  per  N(^D)  +  O2 
reaction  is  a  lower  bound  by  a  signiHcant  factor.  This  would  suggest  that  they  could 
have  been  observing  significant  O  production  by  other  reactions  in  the  active  nitrogen 
flow.  This  is  consistent  with  our  own  experience  [17,48],  where  we  have  observed 
copious  O  production  by  hitherto  unidentified  reactions  upon  addition  of  O2  and  CO2  to 
flowing  afterglows  of  discharge-excited  liltrogen.  The  occurrence  of  these  "mystery 
reactions  precludes  any  of  the  attempts  to  date  to  determine  the  product  branching  ratios 
for  N(^D)  +  O2  quenching,  and  we  consider  this  to  be  an  open  question  at  this  time. 

Rawlins  et  al.  [17],  based  on  observations  of  NO(v)  product  state  distributions  at 
cryogenic  temperatures  in  the  COCHISE  reactor,  argue  on  molecular  dynamics  grounds 
that  there  may  be  a  significant  activation  energy  for  NO(v)  formation  from  N(^)  +  O2 
which,  when  taken  together  with  the  Slanger  et  al.  [43]  observation  of  zero  activation 
energy  for  the  overall  quenching  reaction,  supports  the  possibility  of  a  non-reactive 
energy  transfer  channel  (e.g.,  excitation  of  02(b^Sg'^  or  lower  states  of  This 
possibility  has  been  suggested  by  Torr  et  al.  [49]  from  aeronomic  data  on  high  altitude 
O2*  emissions,  but  their  interpretation  has  been  vigorously  contested  by  Slanger  et  al. 
[50,51]. 

COCHISE  data  on  NO(v)  production  rates  at  80  K  give  estimated  values  for  the 
N(^)  +  O2  rate  coefficient  as  shown  in  Figure  5;  these  estimates  also  support  the 
possibility  of  a  significant  activation  energy  for  the  reactive  channel.  While  these  results 
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are  far  from  conclusive,  they  raise  the  possibility  of  an  increase  in  both  the  NO 
branching  fraction  and  the  overall  activation  energy  above  room  temperature,  and 
impose  large  uncertainties  on  the  extrapolation  of  the  kinetic  data  to  higher 
temperatures. 

The  reaction  of  N(^P)  with  O2  is  a  secondary  source  of  NO  in  the  auroral  upper 
atmosphere,  but  appears  to  be  an  important  source  of  highly  rovibrationally  excited 
NO(v,J)  [17].  The  NO  branching  fraction  and  temperature  dependence  for  this  reaction 
are  essentially  completely  unknown.  Rate  coefficients  at  80  K  inferred  from  COCHISE 
measurements  of  NO(v,J)  production  rates  are  shown  in  Figure  7,  and  suggest  the 
possibility  of  zero  (NO  branching  fraction  of  unity)  or  negative  activation  energy  for  the 
chemical  reaction  branch.  A  negative  activation  energy  is  consistent  with  molecular 
dynamics  considerations  based  on  the  COCHISE  observations  of  randomized  product 
energy  distributions,  which  imply  a  long-lived  reaction  complex  at  low  temperature. 
However,  these  observations  do  not  rule  out  the  possibility  of  a  direct  reaction  with 
higher  activation  energy  (and  possibly  different  NO(v,J)  state  distributions),  which  could 
dominate  at  higher  temperatures.  Thus  the  recommendation  of  rate  coefficients  and 
uncertainties  for  this  reaction  is  a  highly  speculative  endeavor. 

We  also  consider  the  possibility  that  NO  can  be  formed  by  reactions  of  excited 
nitrogen,  N2*,  with  O  and  O2.  The  primary  candidates  for  N2*  are  the  vibrationally 
excited  ground  and  first  electronically  excited  states,  N^X^Eg'*’,  v)  and  N2(A^Ey'’’,  v), 
although  other  persistent  states  such  as  and  a’^S„'  cannot  be  ruled  out.  There  are 
currently  no  definitive  experimental  data  to  confirm  or  deny  NO  production  from  such 
reactions;  this  is  in  large  part  due  to  the  difficulty  of  eliminating  NO  formation  via 
impurities  during  the  discharge  excitation  of  N2*.  However,  simple  reaction  dynamics 
considerations  rule  out  the  possibility  of  NO  formation  from  N2*  +  O2,  since  a 
metathetic  four-center  exchange  would  be  required.  Such  processes  are  severely 
dynamically  hindered,  and  are  knovm  to  have  large  activation  energies  and  small  steric 
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factors  for  product  formation.  In  contrast,  reactions  of  O  with  N2(v)  and  N2(A,v)  offer 
intriguing  possibilities  which  should  be  further  investigated. 

The  reaction 


N  +  NO  -  O  +  N2(v  s  12) 

is  efficient  (see  Subsection  2.4)  and  is  known  to  produce  a  high  degree  of  vibrational 
excitation  (at  least  six  quanta  with  equal  probability)  [52].  By  microscopic  reversibility, 
one  could  expect  the  reverse  reaction,  involving  N2(v  ^  13),  to  also  be  fast,  unless 
additional  dynamic  constraints  such  as  unfavorable  reactant  translational  and  rotational 
energies  apply.  In  addition,  the  reaction 

O  +  N2(A,  v)  -  N  +  NO(v) 

has  often  been  speculated  upon  but  never  seriously  examined  in  the  laboratory.  The 
total  quenching  rate  coefficients  at  room  temperature  have  been  determined  [53]  to  be 
(2.8±0.4)  and  (3.4±0.6)  x  10"^^  cm^  s*^  for  v=0  and  1,  respectively,  with  a  0.75  to  0.80 
branching  fraction  for  energy  transfer  to  0(  H)  [54,55].  However,  the  product  channels 
for  the  remaining  20  to  25%  of  the  reaction  and  the  scaling  with  vibrational  level 
are  unknown.  Based  on  the  predictions  of  Cartwright  [23]  for  N2(A)  formation  in  an 
IBC  11+  aurora,  reaction  of  O  with  N2(A,v=0-8)  could  give  NO  production  rates  on  the 
order  of  lO'*'^  cm*^  s'^,  which  is  comparable  to  values  expected  for  N*  +  O2  under 
these  conditions.  We  therefore  recommend  upper-bound  rate  coefficients  for  this 
reaction. 

Finally,  we  consider  reactions  between  N*  (primarily  N(^D))  and  excited  states  of 
O2  such  as  02(X^Sg‘,  v;  a^Ag,'  b^Sg)).  Such  reactions  have  never  been  observed,  but 
may  be  very  fast  with  copious  product  excitation.  The  reduced  collision  rate  imposed  by 
the  requirement  of  O2  excitation  can  be  substantially  offset  if  the  rate  coefficients  are 
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near  gas-kinetic.  Such  reactions  are  probably  not  important  in  most  auroral  conditions, 
but  may  contribute  significantly  in  nuclear  scenarios. 


Recommendations:  The  recommended  rate  coefficients  for  NO  formation 
processes  are  listed  in  Table  6.  For  lack  of  a  better  alternative,  we  recommend  NO 
branching  fractions  of  unity  at  all  temperatures  for  Reactions  (Ic.l)  and  (lc.3),  with  rate 
coefficient  expressions  and  uncertainties  given  in  Table  S  for  the  total  quenching. 
Unfortunately,  the  level  of  sophistication  that  can  be  brought  to  bear  on  this  seminal 
aspect  of  high  altitude  NO  chemistry  is  appallingly  poor.  In  each  case,  it  is  impossible  to 
base  a  reconunendation  on  anything  more  than  speculation  about  likely  product 
channels.  Together  with  the  NO  excitation  efficiencies  (see  Section  4),  the  chemistry  nf 
NO  production  represents  the  area  of  most  critical  uncertainty  in  the  prediction  of  NO 
mdiative  sknaturesJn  the  upper  atmosphere.  We  recommend  a  series  of  laboratory  and 
in  situ  auroral  measurements,  coupled  with  modeling  predictions,  to  ouantifr  the  NO 
prodttgtion  ghanwls  for  0  N2*  reactions.  As  a  minimum,  this 

should  be  done  near  room  temperature:  additional  temperature  dependence  data  are 
also  required  where  possible  in  the  range  200  to  2000  K.  In  addition,  but  with  lower 
priority,  we  recommend  experimental  investigations  of  the  reactions  of  N*  with  excited 
forms  of  O2*  to  assess  their  viability  as  sources  of  NO(v). 

2.4  NO  Loss  Processes 

The  primary  chemical  loss  of  NO  in  the  upper  atmosphere  is  through  reaction 
with  N(^),  Reaction  (ld.l)  in  Table  1.  Additional  processes  which  can  contribute  to 
NO  removal  under  certain  bombardment  conditions  include  N(^)  +  NO,  ultraviolet 
(UV)  photoionization  and  photodissociation,  and  electron  impact  ionization  and 
dissociation.  Reactions  (ld.2)  through  (ld.6).  Additional  high  temperature  loss 
processes,  viz.  reaction  >vith  O  and  thermal  dissociation,  become  significant  above  2000  K 
and  are  addressed  in  Section  3. 
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Since  N  and  NO  mutually  destroy  each  other,  the  two  species  follow  a  complex 
interrelationship  in  the  upper  atmosphere.  The  reaction  of  N  +  NO  is  well  studied,  with 
a  critically  evaluated  [56]  rate  coefficient  of  ((3.1  ±  1.0)  x  10"'^  )exp((0±  100)/T)  cm^  s'^. 
For  weak  bombardments,  where  [N]  is  comparable  to  or  greater  than  [NO],  this  reaction 
limits  the  [NO]  produced.  However,  in  stronger  auroral  or  nuclear  bombardments,  [NO] 
can  grow  rapidly  to  exceed  [N],  and  the  N  +  NO  reaction  further  depletes  [N]  with  little 
reduction  in  [NO].  Under  these  conditions,  [NO]  continues  to  increase  during  the 
bombardment,  and  is  ultimately  limited  by  relatively  slow  processes  such  as  horizontal 
and  vertical  transport,  and  photon-  or  electron-induced  ionization  and  dissociation. 
Dissociation  tends  to  be  more  effective  at  removing  NO  than  ionization  (via  UV 
photons,  electron  impact,  or  charge  transfer),  since  the  energetic  threshold  is  lower,  and 
each  dissociation  gives  N(^)  which  removes  another  NO  molecule  while  at  least  half  of 
the  NO '''ions  lead  to  NO  reformation  through  the  dissociative  recombination  sequence. 
In  the  quiescent  upper  atmosphere,  the  photochemical  time  constant  for  NO  is  about  1-2 
X  lO^s;  this  competes  with  eddy  diffusion  losses  below  100  km,  but  is  significantly  slower 
than  tr^port  by  high  altitude  zonal  (longitudinal)  winds  [57].  Thus,  it  is  unlikely  that 
photochemical  destruction  of  NO  will  be  very  important,  even  in  the  nuclear  case,  but 
electron  impact  processes  may  become  significant  in  strong  bombardments. 

A  critical  treatment  of  the  NO  dissociation  and  ionization  processes  would  be 
lengthy  and  is  beyond  the  scope  of  the  present  review;  we  provide  here  a  brief  summary 
of  a  few  key  references.  The  UV  photoionization  cross  sections  are  tabulated  by 
Watanabe  et  al.  [58];  UV  photodissociation  via  inverse  predissociation  is  discussed  in 
detail  and  modeled  by  Cieslik  and  Nicolet  [59].  Electron  impact  ionization  cross  sections 
for  NO  have  been  reported  by  Kim  et  al.  [60].  Electron  impact  excitation  cross  sections 
for  NO,  which  can  be  used  to  derive  cross  sections  for  predissociation,  are  reported  at 
length  in  two  papers  by  Ajello  et  al.  [61]. 
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It  is  interesting  to  consider  the  reaction 


N(2d)  +  NO  -  N2  +  0(^,^D,^S) 

as  a  possible  NO  chemical  destruction  pathway.  Under  conditions  of  large  [NO],  the 
N(^D)  and  N('^)  number  densities  can  become  comparable,  and  the  destruction  rates  of 
NO  by  the  two  species  can  have  similar  magnitudes.  The  reaction  has  a  recommended 
[26,30]  rate  coefficient  of  (6.3  ±2.0)  x  10*^^  cm^  s‘^  at  300  K.  In  addition,  the  reaction 
of  N(^P)  with  NO  has  a  rate  coefficient  of  (3.0±0.5)  x  10'^^  cm^  s*^  at  300  K  [26]. 

Recommendations:  The  necessary  kinetics  for  low-temperature  chemical  removal 
of  NO  at  high  altitudes  are  reasonably  well  understood,  and  tend  to  be  slower  than 
transport  for  most  bombardment  conditions.  The  relevant  rate  coefficients  are  listed  in 
Table  7.  The  high  temperature  kinetics  of  the  N+NO  reaction  are  covered  further  in 
Section  3.  Destruction  rates  by  photochemical  and  electron  impact  processes  should  be 
evaluated  from  cross  section  data  available  in  the  literature,  and  should  be  compared  to 
transport  losses  for  various  bombardment  conditions.  High  temperature  NO  removal 
through  reaction  with  O  and  thermal  dissociation  are  discussed  in  Section  3. 
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3.  THERMALLY  INITIATED  CHEMISTRY 


At  the  high  temperatures  ensuing  from  a  high  altitude  nuclear  burst  copious  NO 
is  formed  from  the  chemistry  of  hot  thermally  dissociated  air.  This  chemistry  follows  the 
well-known  21erdovich  mechanism  listed  in  Table  1,  Reactions  (2.1)  through  (2.6).  NO  is 
produced  by  reactions  of  ground-state  O  and  N  (formed  by  thermal  dissociation  of  O2 
and  N2)  with  N2  and  02>  and  is  destroyed  by  thermal  dissociation  and  reaction  with  O. 
The  general  temperature  range  in  which  these  reactions  are  important  is  above  about 
2000  K.  Zel’dovich  chemistry  diminishes  in  importance  with  increasing  temperature 
above  about  5000  K  since  the  molecular  species  are  largely  dissociated.  These  reactions 
have  been  studied  by  many  investigators  for  several  decades,  with  the  most  reliable 
results  obtained  using  shock  tube  techniques  in  the  2000  to  7000  K  range. 

Additional  NO  production  chemistry  involving  N2P  and  NO  2  requires  three-body 
formation  reactions  for  these  species,  and  will  not  be  important  at  high  altitudes, 
although  such  reactions  could  contribute  to  N2O  and  NO  2  radiative  signatures.  Other 
reactions  involving  odd-hydrogen  species  (HO^)  can  also  occur,  but  are  not  significant  in 
terms  of  NO  formation  and  destruction  since  odd-hydrogen  number  densities  are  small 
above  80  Ion.  Such  reactions  could  contribute  to  HO^  destruction  and  signatures  from 
species  such  as  NH  or  HNO.  The  chemical  kinetics  of  the  high-temperature  H/N/O 
system  have  been  extensively  reviewed  by  Baulch  et  al.  [62]  and,  more  recently,  by 
Hanson  and  Salimian  [63];  we  draw  extensively  from  those  reviews  for  the  material 
presented  here. 

3.1  Precursor  Formation 

The  Zel’dovich  reaction  sequence  is  initiated  by  thermal  dissociation  of  O2  and 
N2  to  produce  O  and  N.  These  reactions  have  been  reviewed  by  Baulch  et  al.  [62],  and 
we  reproduce  their  Arrhenius  plots  in  Figures  10  and  11.  While  there  is  anywhere  from 
a  factor  of  2  to  an  order  of  magnitude  spread  among  the  different  rate  coefficient 
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evaluations,  the  most  significant  problem  is  that  the  rate  coefficients  are  generally  not 
well  determined  for  the  important  high-altitude  collision  partners  O,  N2,  and  02-  This  is 
because  the  shock  tube  technique  requires  dilution  in  an  inert  bath  gas,  usually  Ar,  and 
it  is  difficult  to  distinguish  the  effects  of  other,  more  dilute,  gases.  Thus  while  data  for 
M>Ar  are  obtained  over  wide  temperature  ranges  and  are  moderately  well 
characterized,  collision  partner  effects  are  usually  determined  in  a  relative  sense  over 
limited  T  ranges  and  are  expressed  as  temperature-invariant  multiplicative  factors.  This 
approach  may  be  adequate  for  MsN2,02,  but  could  cause  serious  errors  in  the 
estimation  of  O  effects,  which  may  exhibit  different  temperature  dependencies  if 
collisions  proceed  on  attractive  potential  surfaces. 

It  can  be  seen  from  the  data  in  Figures  10  and  11  that  radical  atomic  collision 
partners  are  roughly  an  order  of  magnitude  more  effective  at  promoting  dissociation  than 
the  molecular  species,  so  we  therefore  expect  O  to  be  the  dominant  collision  partner  for 
dissociation  above  about  100  km.  As  a  result,  the  kinetics  data  base  required  to  predia 
collision  dissociation  rates  in  the  heated  upper  atmosphere  is  very  limited  and  highly 
uncertain.  The  uncertainty  increases  further  if  one  considers  collisions  of  non-thermal, 
fast  atoms  with  O2  and  N2.  We  recommend  use  of  the  expressions  and  scaling  factors 
given  in  Baulch  et  al.  [62];  however,  there  is  no  basis  for  a  recommendation  on  the 
dissociation  of  N  2  by  O  or  0(fast).  The  recommended  expressions  are  compared  in 
Figure  12. 

32  NO  Formation 

NO  is  formed  at  high  temperatures  by  the  reactions 

N  +  O2  -  NO  +  O 
O  +  Nj  -  NO  +  N  . 
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The  N  O2  reaction  has  the  larger  rate  coefficient,  but  its  rate  is  limited  by  low  [N] 
(slow  N2  dissociation),  so  both  reactions  contribute  to  NO  production  near  1500  to  2000 
K.  The  four-center  exchange  reaction, 

N2  +  O2  -  NO  +  NO  , 

though  reviewed  by  Baulch  et  al.  [62],  certainly  does  not  occur,  due  to  strong  dynamic 
constraints. 

The  N  +  O2  reaction  is  reviewed  by  Baulch  et  al.  [62]  as  shown  in  Figure  13. 

New  data  on  the  reverse  O  +  NO  reaction,  discussed  by  Hanson  and  Salimian  [63]  (see 
Subsection  3.3),  indicate  that  the  Baulch  et  al.  expression  for  N  +  O2  is  accurate  up  to 
2000  K  and  is  low  by  less  than  a  factor  of  2  at  3000  K.  We  recommend  the  use  of  the 
Baulch  et  al.  expression  with  factor-of-2  uncertainty  above  3000  K,  or,  alternatively  for 
the  higher  temperatures,  evaluation  by  detailed  balance  from  the  recommended  rate 
coefSdent  for  O  +  NO  as  given  below.  The  rate  coefficients  for  N(^,^,^)  +  O2  are 
compared  in  Figure  14.  Based  on  expected  ratios  of  [N]/[N*],  the  ground  state  reaction 
will  compete  with  the  metastable  reactions  at  temperatures  of  900  to  1100  K,.and  will 
dominate  at  higher  temperatures. 

The  O  +  N2  reaction  is  reviewed  by  Hanson  and  Salimian  [63]  with  the  results 
shown  in  Figure  15.  Their  recommendation  is  based  on  recent  direct  observations  of  this 
reaction  rate  at  2000  to  4000  K,  and  is  about  a  factor  of  2  greater  than  the  Baulch  et  aL 
[62]  recommendation.  Note  that  this  expression  can  also  be  used  to  determine  a  high 
temperature  rate  coefficient  for  the  reverse  reaction,  N  +  NO,  which  is  about  a  factor  of 
2  larger  than  the  value  recommended  in  Table  7  from  low  temperature  data  [56].  This 
result  is  contradicted  by  recent  work  of  Koski  et  al.  [64],  who  determined  a  high- 
temperature  (1600  to  2500  K)  rate  coefficient  for  the  N  +  NO  reaction  of  (2.2  ±  03)  x 
10’''  cm^  s'^,  in  agreement  with  the  low  temperature  extrapolation  [62].  The 
recommended  rate  coefficients  for  the  high-temperature  NO  production  reactions  are 
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compared  in  t^igure  16.  Based  on  expected  [0]/(N]  and  (N2)/[02J  ratios,  the  O  +  N2 
reaction  will  be  negligibly  slow  below  ISOO  K  but  will  dominate  the  N  O2  pathways  for 
NO  production  at  2000  K  and  above. 


3.3  NO  Removal 

The  primary  high-temperature  NO  removal  reactions  are  reaction  with  O  and 
thermal  dissociation: 


O  +  NO  -  N  +  O2 
NO  +  M-  N  +  O  +  M  . 

The  O  +  NO  reaction  is  reviewed  by  Hanson  and  Salimian  [63]  as  shown  in  Figure  17. 
Data  from  several  different  groups  are  seen  to  provide  excellent  agreement  between 
1500  and  5000  K.  This  reaction  is  fast  enough  above  about  1000  K  to  compete  with  N  -f 
NO  and  transport  losses,  and  provides  a  significant  chemical  sink  up  to  about  3000  K 
because,  in  this  temperature  range,  the  principal  fate  of  the  N  atoms  produced  is 
reaction  with  excess  NO  to  regenerate  O.  Above  3000  K,  the  reverse  reaction  of  N  with 
O2  regenerates  much  of  the  NO  so  there  is  less  net  loss. 

Rate  coefficients  for  the  thermal  dissociation  of  NO,  as  reviewed  by  Hanson  and 
Salimian  [63]  and  by  Baulch  et  al.  [62],  are  plotted  in  Figures  18  and  19,  respectively. 
Here  the  data  base  is  very  poor,  with  only  limited  experimental  data  for  M»Ar  and  no 
direct  observations  for  M-O,  N2,  02-  The  total  spread  in  the  uncertainty  is  about  two 
orders  of  magnitude.  We  use  the  centrally  located  expression  of  Wray  and  Teare  [65], 
but  we  note  that  both  the  Baulch  and  the  Hanson  reviews  considered  the  data  base  to  be 
too  poor  to  provide  a  recommended  rate  coefficient  expression.  However,  unless  the 
rate  coefficient  is  an  order  of  magnitude  or  more  larger  than  our  suggested  value,  it 
seems  that  chemical  reaction  with  O  is  the  dominant  loss  process,  at  least  below  5000  K. 
At  higher  temperatures,  where  the  major  collision  partner  is  O,  NO  dissociation  may 
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become  fast  enough  to  compete  with  the  O-f  NO  reaction,  since  dissociation  provides  a 
more  permanent  sink  for  NO  while  chemical  reaction  forms  O2,  some  of  which 
regenerates  NO  instead  of  dissociating.  It  is  thus  important  to  determine  the  dissociation 
rate  coefficients  at  high  temperatures,  since  this  process  may  limit  the  chemical  lifetime 
of  NO  above  5000  K.  Our  recommended  rate  coefficients  for  the  NO  removal  reactions 
are  compiu-ed  in  Figure  20. 

3.4  Recommendations 

The  recommended  rate  coefficient  expressions  for  high-temperature  NO 
production  and  removal  are  summarized  in  Table  8  and  are  plotted  in  Figures  12,  16, 
and  20  above.  The  data  base  for  the  thermal  atom-molecule  reactions  is  quite  good, 
with  uncertainties  of  a  factor  of  2  or  less  in  the  nominal  range  2000  to  5000  K. 

However,  the  data  base  is  poor  for  the  thermal  dissociation  of  N^  and  especially 
NO;  we  particularly  note  the  need  for  kinetic  data  on  the  effects  of  the  atmospheric 
collision  partners  O,  and  O2-  In  addition,  there  are  no  data  relevant  to  the 
collisional  effects  of  fast  O  and  N  atoms  in  the  1  eV  range,  other  than  extrtqmlation  of 
the  thermal  rate  coefficient  expressions  well  beyond  their  range  of  validity. 

To  improve  the  data  base,  we  recommend  experimental  investigations  of  the 
kinetics  of  thermal  dissociation  of  NO.  Oj  and  N^  with  the  atmospheric  collision 
partners  O.  Nj^  and  O3.  in  the  temperature  ranee  3000  to  7000  K.  We  further 
recommend  experimental  measurements  of  the  collisional  and  chemical  effects  of 
non-thermaL  fast  O  and  N  atoms  in  Reactions  (3.11  through  (3.6)  to  extend  the  data 
base  into  the  1  to  2  eV  range  as  encountered  in  high-altitude  nuclear  conditions.  We 
point  out  that  both  the  thermal  and  non-thermal  measurements  of  atomic  effects  are 
difficult  to  perform,  and  will  probably  require  the  development  of  non-conventional 
and/or  innovative  experimental  approaches  to  generate  the  required  atomic  collision 
partners. 
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4.  EXCITATION  OF  NO(vJ) 


The  high-altitude  excitation  of  vibrational  states  of  NO  can  occur  through  a 
variety  of  non-thermal  (low  temperature)  and  thermal  (high  temperature)  processes, 
listed  as  Reactions  (3.1)  through  (3.13)  in  Table  1.  The  reactions  may  be  grouped  into 
categories  of  chemiexcitation  via  exoergic  chemical  reaction,  energy  transfer  to  NO(v«0) 
from  internally  or  translationally  excited  species,  and  radiative  excitation  of  NO  by 
photon  absorption.  A  considerable  body  of  data  now  exists  on  these  processes  at  low 
temperatures  relevant  to  auroral  observations,  but  many  key  issues  remain  unresolved, 
and  little  of  this  information  is  sufficiently  quantitative  to  support  reliable  kinetics 
recommendations.  In  addition,  there  is  essentially  no  information  on  tenq)erature 
dependence,  which  could  strongly  impact  the  prediction  of  detailed  product  state 
distributions  in  many  instances.  We  discuss  below  the  most  likely  processes  which  should 
be  considered,  and  provide  tabulations  of  the  product  state  distribution  data  where 
available.  Rate  coefficient  data  for  most  of  these  reactions  (neglecting  NO  state 
distributions)  have  already  been  discussed  in  the  preceding  sections. 

4.1  ChcmicMitation 

The  primary  chemiexcitation  processes  to  consider  are  the  reactions  of 
N('*S,^D,^)  with  O21  the  speculated  reaction  of  O  with  excited  N2*,  and  the  radiative 
recombination  of  N  and  O. 

N  +  Oj.  The  reaction 


N(^)  +  O2  -  NO(vs7)  +  O  (2) 

has  been  studied  at  room  temperature  by  several  groups  using  infrared  chemi¬ 
luminescence  (IRCL)  [66,67],  laser-induced  fluorescence  (UF)  [68],  and  multi-photon 
ionization  (MPI)  [69]  to  determine  NO(v)  product  state  distributions.  A  graphical 
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comparison  of  the  results  from  these  studies  may  be  found  in  the  paper  by  Winkler  et  al. 
[69].  The  relative  vibrational  distributions  determined  from  the  various  experiments 
agree  to  a  factor  of  2  to  3,  and  scatter  about  a  roughly  statistical  distribution  up  to  the 
energetic  limit  at  v=7.  Relative  population  factors  for  v-0  disagree  by  over  an  order  of 
magnitude,  with  the  lower  result  of  Winkler  et  al.  falling  at  about  75%  of  the  statistical 
value.  The  total  rate  coefficient  as  determined  by  Winkler  et  al.  from  the  NO(v)  yields 
is  about  65%  of  the  correct  value,  suggesting  that  these  investigators  underestimated 
their  NO(vsO)  yields  due  to  an  error  in  their  limiting-slope  analysis  of  the  kinetic  data. 

In  general,  the  relative  populations  determined  in  all  of  these  investigations  are 
clouded  by  many  uncertainties  in  the  data  analysis,  including  historical  choices  of  IRCL 
infrared  and  LIF  ultraviolet  transition  probabilities  (which  are  now  known  to  much 
bener  accuracy),  MPI  spectral  interpretations  [70]  and  variations  of  NO  ionization  cross 
sections  with  v,  effects  of  NO(v)  deactivation  on  reactor  walls,  and  possible  generation  of 
NO(v)  by  secondary  metastable  chemistry  in  the  nitrogen  afterglow.  Thus,  a  complete 
critical  assessment  of  NO(v)  yields  from  N(^)  +  O,  would  require  a  substantial 
reanalysis  of  these  data.  In  the  absence  of  such  a  reanalysis,  we  suggest  the  use  of  the 
results  as  given  by  Winkler  et  al.  [69],  with  the  understanding  that  the  populations  are 
only  accurate  to  about  a  factor  of  2.  Alternatively,  a  statistical  product  distribution  (also 
given  in  Winkler  et  al.)  would  probably  be  adequate  for  modeling  purposes. 

In  any  event,  we  expect  NO(v)  signatures  from  N(^)  +  O2  chemiluminescence  to 
be  relatively  unimportant  in  high  altitude  scenarios.  As  pointed  out  above,  the  reaction 
is  too  slow  to  compete  with  N*  +  O2  chemiluminescence  below  1000  K.  Above  that 
temperature,  excitation  of  NO(v)  by  thermal  O  +  NO  up-pumping  (see  below)  will 
dominate  NO(v)  signatures.  Thus  the  reaction  N(^)  +  O  ^  while  a  significant  source  of 
total  NO  between  1000  to  2000  K,  will  provide  only  minor  direct  contributions  to  the 
high  altitude  NO(v)  distributions. 
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Similar  reasoning  applies  to  the  other  major  high-T  (T  k  2000  K)  NO-producing 
reaction,  O  4-  N2;  there  are  no  data  on  NO(v)  distributions  produced  in  this  reaction, 
but  such  data  are  probably  not  required  since  thermal  NO(v)  excitation  processes  will 
control  NO(v)  distributions  at  these  temperatures.  If  such  data  are  required  for  O  +  N2 
for  modeling  purposes,  we  suggest  the  use  of  a  statistical  vibrational  distribution  (see 
formulae  given  by  Rawlins  et  al.  [17]). 

N*  4-  O2.  NO(v)  chemiluminescence  from  the  reactions 


N(2d)  O2  -  NO(vil8)  +  O(^) 

(3a) 

-NO(vs8)  +0(^D) 

(3b) 

N(2p)  +  O2  -  NO(v^6)  +  0(¥) 

(4a) 

-NO(vsl4)  +0(^D) 

(4b) 

-NO(vs3)  +0(^S) 

(4c) 

has  been  extensively  studied  in  the  COCHISE  infrared  chemiluminescence  facility  at 
cryogenic  temperatures  (80  to  120  K)  [17,71].  The  recent  paper  of  Rawlins  et  al.  [17] 
clarifies  some  uncertainties  in  Reaction  (3)  identified  in  the  earlier  worit  of  Kennealy  et 
al.  [71],  and  tentatively  identifies  Reaction  (4)  as  the  source  of  highly  rotationally  excited 
NO(v,J)  observed  in  the  spectra.  This  rotational  excitation  appears  in  the  form  of  sharp 
R-branch  band  heads  well  to  tl»  blue  of  the  band  center  for  each  of  eight  vibrational 
bands,  accompanied  by  less  pronounced,  extended  P-branch  transitions  progressing  to  the 
red  as  far  as  8  to  9  fitn.  The  mechanism  for  rovibrational  excitation  identified  in 
CCX^SE  experiments  appears  [15]  to  be  at  least  partially  responsible  for  similar  band 
head  excitation  observed  [16]  for  NO  in  an  aurora. 

The  observed  laboratory  spectra  show  excitation  of  up  to  14  observable  vibrational 
levels,  with  the  first  8  excited  levels  exhibiting  2  to  3  eV  of  rotational  excitation.  The 


28 

224 


spectral  distributions  signify  that  much  of  the  exoergicity  of  Reaction  (3)  appears  as 
electronic  excitation  of  0(  ^D),  and  much  of  the  exoergicity  of  Reaction  (4)  appears  as 
rotation  rather  than  vibration.  Although  Rawlins  et  al.  [17]  modeled  these  rotational 
distributions  with  a  10,000  K  Boltzmann  distribution,  subsequent  work  [72]  indicates  that 
a  statistical  nascent  rotational  distribution  may  provide  a  better  representation. 

The  relative  initial  vibrational  populations  for  Reactions  (3)  and  (4),  determined 
by  Rawlins  et  al.  from  surprissd  analysis  of  their  data,  are  given  in  Table  9.  These 
distributions  indicate  a  direct,  atom  abstraction  reaction  between  N(^D)  and  O2, 
dynamically  favoring  0(^D)  formation  (75%  of  the  total  reaction  rate)  with  maximum  v 
excitation,  and  an  indirect  reaction  of  N(^P)  with  O  2  via  a  long-lived  complex,  with 
statistical  partitioning  of  the  exoergicity  in  product  electronic,  vibrational,  rotational,  and 
translational  states.  The  production  of  0(^D)  from  Reaction  (3)  is  relevant  to  the 
aeronomy  of  auroral  0(  ^D)  emission;  however,  a  variety  of  modeling  analyses  have 
achieved  conflicting  and  inconclusive  results  on  this  process,  as  reviewed  by  Solomon 
[73]. 

* 


We  emphasize  that  the  COCHISE  observations  are  not  definitive  in  several 
respects  and  need  to  be  verified  by  independent  laboratory  and  auroral  measurements. 
First,  the  identification  of  the  contributions  of  the  various  reactions  is  not  definitive, 
since  N(^,^P)  were  not  directly  measured  and  their  contributions  to  the  observed 
NO(v)  production  were  not  independent^  separable.  Indeed,  the  contribution  of 
Reaction  (4)  as  the  source  of  the  rotational  excitation  could  only  be  identified  by  process 
of  elimination  and  intuitive  arguments.  Second,  and  perhaps  most  important,  the 
COCHISE  measurements  are  applicable  only  to  •  100  K,  and  there  are  reasonable 
concerns  that  the  product  state  distributions  might  be  substantially  different  near  and 
above  room  temperature.  As  discussed  by  Rawlins  et  al.  [17],  Reaction  (3a),  which  is  a 
25%  branch  at  100  K,  may  become  a  more  important  channel  at  higher  temperatures 
owing  to  the  possible  presence  of  an  energy  barrier.  Furthermore,  the  indirect,  statistical 
dynamic  mechanism  for  Reaction  (4),  which  is  favored  at  low  temperatures,  may  give 


way  at  higher  temperatures  to  a  direct  abstraction  mechanism  over  an  energy  barrier. 
Such  changes  in  dynamic  mechanism  at  higher  temperatures  would  undoubtedly  result  in 
changes  in  the  nascent  NO(v)  distributions.  Finally,  as  discussed  in  Subsection  2.3,  it  has 
not  yet  been  determined  that  NO(v)  formation  constitutes  100%  of  the  total  quenching 
reactions.  For  current  modeling  applications,  we  suggest  the  use  of  the  COCHISE 
NO(v,J)  distributions  for  Reactions  (3)  and  (4)  as  described  in  Table  9,  with  the  caveat 
that  there  is  presently  no  basis  for  the  extrapolation  of  these  distributions  to  or  above 
room  temperature. 

The  relevant  temperature  range  over  which  more  data  are  required  extends  from 
the  mesopausal  minimum  of  •  200  K  to  roughly  1000  K  or  more.  Near  1000  K,  O+NO 
up-pumping  is  the  dominant  NO(v)  excitation  process  for  the  lowest  7-10  excited 
vibrational  levels  (assuming  post-burst  NO  number  densities  near  10^^*^  cm*^)  as 
discussed  in  Subsection  4.2.  Thus,  the  metastable  reactions  will  continue  to  dominate  the 
direct  production  of  the  higher  vibrational  levels  and  high  rotational  states  at 
temperatures  above  1000  K.  Metastable  production  of  NO(high  v)  probably  becomes 
unimportant  at  about  1500  to  2000  K,  but  super-equilibrium  production  of  NO(v,high  J) 
may  be  important  at  all  temperatures,  subject  only  to  precursor  formation  and 
quenching. 

O  +  N2*.  The  possible  (but  undemonstrated)  reactions  of  O  with  vibrationally 
and/or  electronically  excited  N2*  were  discussed  in  Subsection  2.3  as  potential  sources  of 
NO.  Such  reactions  could  be  sufficiently  exoergic  to  provide  substantial  NO(v) 
excitation.  One  of  the  more  interesting  possibilities  is  the  reaction 

v)  +  O  -  NO(v)  +  N('^,2D)  . 

For  N2(A,v=0),  the  maximum  exoergicity  at  300  K  is  sufficient  to  excite  NO(v  s  14); 
higher  vibrational  levels  of  N2(A)  present  in  an  auroral  or  nuclear  bombardment  could 
of  course  excite  higher  levels  of  NO(v)  (or  N*).  Unfortunately,  there  are  no  data 
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available  on  the  kinetics  or  product  state  distributions  for  this  reaction  (cf.  Table  6  for 
upper  bound  recommendation),  nor  is  there  a  good  way  to  make  even  a  reasonable 
suggestion  for  possible  NO(v)  distributions. 

N  4-  O.  The  recombination  of  N  and  O 

N  +  0(+  M)  -NO*(+  M) 

will  provide  the  most  significant  source  of  NO(v)  radiation  in  the  highly  dissociated 
atmosphere,  at  temperatures  above  SOOO  K  where  the  thermal  lifetime  of  NO  is  too  short 
for  thermal  up-pumping  to  dominate.  The  mechanisms  of  N  +  O  recombination 
afterglows  have  been  reviewed  by  Golde  and  Thrush  [74]  and,  more  recently,  by  Kenner 
and  Ogiyzlo  [75].  The  relevant  electronic  states  of  NO  formed  in  recombination,  shown 
in  Figure  21,  are  the  doublets  X^n,  A^S  *  B^n,  and  the  quartets  a%  (a  metastable 
state)  and  b^‘.  By  rapid  radiative  cascade  and  collisional  processes,  these  states 
populate  NO(X,v),  which  can  radiate  in  the  infrared  prior  to  thermal  dissociation. 
However,  as  discussed  below,  the  mechanisms  by  which  the  recombination  occurs  are 
quite  complicated,  and  it  is  difficult  to  predict  the  exact  NO(v)  distributions  that  would 
result. 


In  the  two-body  mechanism,  which  is  more  relevant  to  the  high  altitude  problem, 
the  recombination  is  believed  to  occur  by  inverse  predissociation  from  the  a^  surface 
into  the  (C,v=0)  state.  With  a  radiative  lifetime  somewhere  between  IS  and  SO  ns,  the 
C  state  undergoes  rapid  radiative  cascade  to  the  A  and  X  states,  with  20  to  40%  of  the 
cascade  going  into  the  A  state.  The  A  state  in  turn  radiates  promptly  to  NO(X,v)  with  a 
radiative  lifetime  of  about  200  ns.  Thus,  to  determine  populations  of  NO(Xv),  one  must 
know  the  (C  -  X)/(C  ->  A)  branching  ratio  [76]  and  the  relative  transition  probabilities 
for  the  (C,v=0)  ->  (X,v),  C(v=0)  -  (A,v),  and  (Av)  -  (X,v)  transitions.  These  factors 
have  been  addressed  theoretically  by  Du  and  Dalgamo  [77]. 
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In  addition,  the  a,  b,  and  B  states  may  become  involved,  especially  if  significant 
collisional  coupling  can  occur.  There  is  no  evidence  of  a-state  formation  in  two-body 
recombination  at  room  temperature,  but  this  cannot  be  ruled  out  at  higher  collision 
energies.  The  a-state  is  known  to  be  formed  by  radiative  cascade  (t  2  6  /is)  from  NO(b) 
formed  in  three-body  recombination  (NO(b)  is  formed  by  collisional  crossing  from  the 
NO(a)  potential  surface).  NO(a)  is  metastable  and  is  a  potential  10  /tm  radiator  through 
its  vibrational  bands.  In  addition,  NO(a)  is  collisionally  quenched  into  the  doublet 
manifold,  to  form  NO(B,v)  and  probably  NO(A,v)  and  NO(X,v)  as  well.  NO(B,v) 
radiates  to  NO(X,v)  with  a  radiative  lifetime  of  «  3  /^s  and  characteristic  v*  ->  v" 
branching  ratios. 

A  complete  assessment  of  the  NO(Xv)  production  rates  from  N  +  O 
recombination  requires  a  critical  review  and  uncertainty  evaluation  of  the  rather  copious 
literature  on  NO  electronic  state  radiative  lifetimes,  relative  v*  ->  v"  electronic  transition 
probabilities,  and  collisional  coupling  effects.  Particular  attention  should  be  paid  to 
evaluation  of  the  transition  branching  ratios.  The  vibrational  level  dependent  transition 
probabilities  can  be  determined  from  the  usual  equations  [78]  relating  transition 
probability  to  the  product  of  the  Franck-Condon  factor  for  the  transition,  the  cube  of  the 
transition  frequency,  and  the  square  of  the  electronic  transition  moment.  Numerically 
computed  Franck-Condon  factors  for  all  the  required  transitions  except  C  ->  A  are 
reported  by  NichoUs  [79];  however,  these  were  computed  from  Morse  potentials  and  are 
likely  to  be  less  accurate  than  those  computed  from  RKR  wavefunctions.  RKR 
Franck-Condon  factors  for  a  number  of  transitions,  including  at  least  A  ->  X  and  B  ->  X, 
have  been  computed  by  Albritton  et  al.  [80],  but  these  are  not  published  and  are 
informally  distributed  throughout  the  community  in  the  form  of  photocopied  computer 
printout.  Additional  transition  moments  and  radiative  lifetimes  have  been  computed  by 
Du  and  Dalgamo  [77]. 

Recent  work  by  Piper  and  coworkers  has  established  the  presence  of  significant 
variations  in  the  transition  moments  as  functions  of  r-centroid  (mean  intemuclear 
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separation)  for  both  the  A  ->  X  [81]  and  B  -  X  [82]  transitions.  Such  variations  had  not 
been  considered  in  previous,  conunonly  accepted  documentations  of  these  transition 
probabilities,  and  result  in  significant  changes  in  the  relative  populations  of  lower>state 
vibrational  levels  by  radiative  transitions  from  a  common  upper-state  vibrational  level.  It 
is  likely  that  the  C  ->  A,  C  X,  and  b-^a  transitions  are  similarly  affected,  but  carefully 
calibrated  spectral  measurements  are  required  to  quantify  this  effect.  Thus  the  relative 
populations  resulting  from  the  A  -  X  and  B  ->  X  transitions  can  now  be  treated  with 
high  accuracy  using  the  Piper  results  [81,82]  (which  are  coupled  with  accurate  radiative 
lifetime  measurements  from  other  sources),  but  the  remaining  transitions  can  only  be 
treated  to  a  factor  of  2  to  3  without  further  experimental  work. 

Since  the  previous  investigations  of  N  +  O  recombination  were  done  near  room 
temperature,  an  assessment  of  the  temperature  dependence  relevant  to  the  nuclear  case 
is  highly  speculative.  One  might  expect  the  rate  coefficient  for  the  two-body  inverse 
predissociation  process  to  have  the  form 

k(T)  -  AT*^/2exp(.AE/kBT)  . 

However,  AE,  which  is  the  energy  difference  between  the  initial  recombination  state  and 
the  separated  atoms,  is  small  for  N  -f  O  -  NO(C,v=0),  so  the  exponential  goes  to  unify 
at  high  temperatures.  Based  on  the  data  given  by  Kenner  and  Ogiyzlo  [75],  and 
neglecting  collisional  redissociation,  this  gives  an  estimate  for  the  two-body  rate 
coefficient: 

ko+N-  10*i'^(300/T)1/2  cm^  s'^  . 

Three-body  recombination  often  follows  stronger  negative  temperature  dependencies,  but 
the  available  data  between  200  and  400  K  [62]  suggest  a  similar  temperature  dependence 
for  the  three-body  process: 


ko*N.M- 10'“(300/T)‘/2cm‘s>  . 

Statistically,  2/3  of  the  recombinations  proceed  through  the  a^  state  and  the  remaining 
1/3  populate  NO(X,v)  initially. 

The  two-  process  can  be  expected  to  dominate  at  number  densities  below 
10^  cm*^,  i.e.,  altitudes  above  70  km.  In  effect,  this  means  that,  if  these  temperature 
dependencies  persist  to  high  temperatures,  two-body  recombination  of  N  and  O 
dominates  NO(v)  formation  in  the  SOOO  to  10000  K  range  following  a  high  altitude 
nuclear  burst.  The  estimated  two-body  rate  coefficient  is  plotted  in  Figure  22. 

4.2  Energy  Transfer 

There  are  numerous  possible  processes  for  NO(v)  excitation  by  collisional  energy 
transfer  which  could  be  important  in  auroral  or  nuclear  bombardments,  but  only  a  few 
have  been  definitely  shown  to  occur,  and  high  temperature  information  can  only  be 
obtained  by  scaling  from  room  temperature  data.  It  is  especially  interesting  to  consider 
the  class  of  reactions  in  which  NO(v)  is  excited  by  energy  transfer  to  NO(v«0)  from 
vibrationally  and/or  electronically  excited  states  of  N2*,  N*,  O2*,  and  O*  produced  by 
electron  bombardment  Such  processes  could  contribute  significantly  to  NO(v) 
vibraluminescence  at  temperatures  below  about  1000  K,  especially  when  [NO]  is  large. 

The  most  concrete  example  of  such  a  process  is  the  well  known  reaction 

N2(a^Eu^  +  no  -  N2  +  NO(a2ii,  v) 

followed  by  the  equally  well  understood  radiative  cascade  (see  discussion  above) 


NO(A,  v)  -  NO(X,  v)  hv  . 


Both  processes  have  been  recently  investigated  by  Piper  and  coworkers  [81,83];  results 
for  the  quenching  and  excitation  kinetics  are  summarized  in  Table  10.  The  energy 
transfer  is  near  gas-kinetic,  and  probably  has  no  significant  temperature  dependence.  In 
addition,  a  significant  fraction  of  the  excess  energy  is  taken  up  in  vibrational  and 
rotational  excitation  within  the  A  state.  The  measurements  extend  only  up  to 
N2(A,v=2),  but  indicate  that  with  increasing  v  the  excitation  of  NO(A)  is  more 
distributed  to  higher  v  and  NO(B)  excitation  becomes  more  significant.  Similar  effects 
may  occur  with  increasing  temperature.  Initial  NO(X,v)  populations  formed  by  this 
mechanism,  calculated  from  the  data  in  Table  10  and  the  A  X  transition  probabilities 
given  Piper  et  al.  [81],  are  shown  in  Figure  23  and  tabulated  in  Table  11.  This 
reaction  may  contribute  to  NO(v)  excitation  in  strong  auroras  or  nuclear  afterglows 
where  both  [NO]  and  [N2(A)]  are  large,  especially  at  higher  altitudes  (a:  110  km)  where 
the  increasing  O/Oj  ratio  discriminates  against  the  N*  +  O2  mechanisnL 

Similar  reactions  involving  metastable  N2*  states  such  as  N2(v)  or  N2(a’)  may  also 
excite  NO(v)  or  NO(v,J),  by  analogy  with  energy  transfer  excitation  observed  for  N2*  + 
CO  in  COCHISE  experiments  [72J.  In  addition,  the  quenching  of  N*, 

N(2D,2p)  +  NO  -  NO(v)  +  N 

may  occur  at  least  partially  through  an  energy  transfer  channel,  most  likely  via  reactive 
atom  exchange.  This  reaction  could  contribute  to  NO(v)  excitation  when  [NO]  -  [O2], 
as  can  occur  at  high  altitudes  (above  130  km)  when  the  total  NO  number  density  is 
large.  Preliminary  experiments,  performed  by  the  author  and  coworkers  on  the 
COCHISE  tqjparatus,  indicate  copious  low-J  and  high-J  rovibrational  excitation  of 
NO(v,J)  by  energy  transfer  from  discharge-excited  nitrogen;  although  detailed 
investigation  is  still  in  progress,  this  appears  to  occur  through  energy  transfer  to  NO  from 
one  or  more  states  of  (N*,N2*). 

Similar  reactions  should  be  considered  involving  energy  transfer  to  NO  from 
vibrationally/electronically  excited  O2*  and  O*.  However,  it  is  not  clear  that  these 
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would  be  significant  contributors  since  O2*  quenching  by  NO  is  relatively  inefficient,  O* 
quenching  by  the  major  atmospheric  species  is  fast,  and  the  behavior  of  oxygen 
metastables  in  the  disturbed  upper  atmosphere  is  not  known  very  well.  Thus, further 
consideration  of  O2V0*  energy  transfer  processes  should  await  definitive  laboratory 
measurements  and  a  clearer  assessment  of  the  kinetics  of  metastable  oxygen  in  the 
electron  bombarded  upper  atmosphere. 

The  coUisional  up-pumping  of  NO(v),  by  transfer  of  kinetic  energy  to  NO(v=0) 
from  thermal  or  translationally  fast  O,  is  a  major  source  of  NO(v)  excitation  in  both  the 
quiescent  and  disturbed  upper  atmosphere,  over  the  entire  temperature  range  in  which 
NO  is  thermally  stable.  This  process  is  well  known  as  the  major  source  of  NO(vs  i) 
emission  in  the  non-auroral  thermosphere;  computed  excitation  rates,  following  the 
model  of  Caledonia  and  Kennealy  [S],  are  shown  in  Figure  24.  The  rate  coefficient  is 
determined  by  detailed-balance  inversion  of  the  rate  coefficient  for  NO(v=l) 
deactivation  by  O  at  room  temperature,  as  measured  by  Fernando  and  Smith  [84],  which 
is  reportedly  accurate  to  ±  10%.  At  elevated  temperatures,  this  reaction  will  provide  a 
significant  source  of  excitation  to  higher  v;  unfortunately,  the  data  base  does  not  exist  to 
support  reliable  extrapolations  to  higher  v  and  T.  We  estimate  the  up-pumping  rate 
coefficients  by  detailed-balance  inversion  of  rate  coefficients  for  O  +  NO(v)  deactivation 
as  estimated  from  a  simple  model  described  below  in  Section  5.  Briefly,  this  model 
assumes  the  Fernando  and  Smith  [84]  value  for  deaaivation  of  v^l,  together  with  a 
slight  negative  temperature  dependence  estimated  as  described  in  Section  S,  and  equal 
rate  coefficients  for  multi-quantum  deactivation  of  all  higher  v  to  the  v>0  level.  This 
gives  rise  to  the  O  -f  NO  up-pumping  rate  coefficient  expressions  listed  in  Table  12  and 
plotted  in  Figure  2S.  It  can  be  seen  that  this  process  is  very  important,  and  essentially 
governs  most  of  the  NO(v)  distribution  at  temperatures  where  thermal  NO  production 
exceeds  the  chemiluminescent  contributions.  For  post-burst  NO  number  densities  of 
10 11-12  cm  *3^  O+NO  up-pumping  gives  the  dominant  NO(v)  excitation  rate  for  up  to 
V  •  10  near  1000  K,  and  for  higher  vibrational  levels  at  higher  temperatures. 
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The  collisional  excitation  of  NO  by  non-thermal,  fast  O  will  also  be  important  in 
nuclear  bombardments,  but  has  not  been  investigated  experimentally.  Crude  guesses  of 
the  relevant  rate  coefficients  may  be  obtained  by  extrapolation  of  the  expressions  of 
Table  12  to  the  required  collision  energies.  For  the  larger  collision  energies,  it  is 
conceivable  that  substantial  rotational  excitation  of  NO  could  occur  as  well  as  vibrational 
excitation.  This  is  consistent  with  experimental  [86]  and  theoretical  [87]  results  for  the 
analogous  interaction  between  fast  H  and  NO.  Clearly,  definitive  measurements  are 
required  for  multiquantum  O  +  NO  up-pumping  at  high  temperatures  (300  to  5000  K) 
and/or  high  collision  energies  (up  to  1  to  2  eV). 

4.3  Radiative  Excitation 

Radiative  excitation  of  NO(v)  is  generally  not  significant  in  the  quiescent  or 
auroral  upper  atmosphere,  but  may  be  somewhat  more  significant  in  the  nuclear  case 
due  to  intense  UV/IR  radiation  from  the  fireball  region.  In  the  non-nuclear 
atmosphere,  NO(v)  is  radiatively  excited  by  IR  photons  upwelling  from  the  earth  and/or 
lower  atmosphere,  so-called  "earthshine",  and  to  a  lesser  extent  by  solar  UV  photons. 

The  earthshine  excitation  rate  may  be  estimated  by  the  method  of  Caledonia  and 
Kennealy  [5],  who  approximate  the  absorption  process  as  irradiation  of  a  high  altitude 
column  by  light  from  a  low  altitude  grey-body  slab.  The  radiative  excitation  rate  is  given 
by 

Rc  =  wlySAhcv  Nl),  s*^ 

where  ul,  is  the  upwelling  earthshine  flux  in  Wcm*^(cm'')'^,  as  predicted  by 
LOWTRAN  models  for  various  model  atmospheres  [88],  S  is  the  absorption  band- 
strength  in  ama"^  cm*^,  v  is  the  transition  frequency  in  cm‘^,  and  h,  c,  and  Nl  are 
Planck’s  constant,  the  speed  of  light,  and  Loschmidt’s  number,  respectively.  More 
detailed  treatments  of  the  high  altitude  radiative  transport  problem  give  similar  results 
[89].  For  the  fundamental  band  of  NO  at  1876  cm’^  (5.4  /im),  we  use  the  absorption 
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strength  of  137.3  ±4,6  ama‘^  cm*^  reported  by  Holland  et  al.  [90].  LOWTRAN 
predictions  of  the  upwellin^  radiation  at  S.4  fim  give  ranging  from  1.S  to  3.0  x  10'^ 
Wcm*^  sr'^(cm*^)'^  for  subarctic  winter  to  tropical  conditions.  This  gives  earthshine 
excitation  rates  of  0.7  to  1.4  x  10*^  s'^  (per  [NO])  for  NO(v=l).  It  can  be  seen  from 
Figure  24  that  this  rate  is  significant  only  below  110  km,  and  is  overwhelmed  by  O  +  NO 
up-pumping  above  that  altitude.  Due  to  low  number  densities  of  NO(v  a  1),  successive 
radiative  pumping  of  higher  levels  in  the  fundamental  band  is  insignificant  Similarly, 
radiative  excitation  of  NO(v»2)  by  earthshine  at  2.7  ftm,  the  first  overtone  band,  is  also 
insignificant 

A  small  degree  of  NO(v)  excitation  can  occur  through  UV  solar  absorption  and 
resonance  fluorescence  in  the  A-X  transition.  From  data  given  in  McEwan  and  Phillips 
[91],  the  NO(v)  excitation  rate  for  this  process  is  on  the  order  of  10'^  s‘^;  this  would  be 
distributed  over  several  vibrational  levels  of  NO(v),  as  determined  by  the  A  X  relative 
transition  probabilities  as  described  above.  The  relevant  transition  probabilities  are 

tabulated  by  Piper  and  Cowles  [81].  The  solar  excitation  of  NO(v  >  1)  would  be 

« 

IR-observable  in  non-auroral  conditions  with  overhead  sun  and  large  NO  number 
densities,  and  could  exceed  auroral  excitation  rates  for  weak  auroras  (i.e.,  10^  cm'^  s‘^ 
for  [NO]  -  lO*-’  cm*^). 

Solar  excitation  of  NO(v)  by  IR  absorption  at  2.7  and  5.4  ixm.  is  insignificant.  In 
nuclear  conditions,  UV  and  IR  radiation  from  the  fireball,  as  well  as  5.4  ^m  radiation 
from  overhead  NO(v),  may  cause  significant  NO(v)  excitation  at  low  altitudes,  below  the 
high-temperature  atomic  oxygen  layer  (i.e.,  below  •  90  km  or  so).  However,  there  is 
^ically  not  very  much  NO  expected  at  those  altitudes,  so  these  processes  contribute  in 
only  a  minor  way  to  the  total  NO(v)  burden. 
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4.4  Recommendations 


Although  the  current  data  base  on  NO(v)  excitation  kinetics  dees  not  support  a 
set  of  firm  recommendations,  we  provide  suggested  kinetic  parameters  as  summarized  in 
Table  13.  Our  principal  recommendations  are  for  further,  more  quantitative  laboratory 
measurements,  as  follows. 

For  low  temperature  mechanisms  involving  metastable  reaction  dynamics,  we 
recommend  room  temperature  measurements  to  veri^  the  product  NOfv state 
distributions  and  absolute  yields  from  the  reactions  of  and  N(¥)  with  O3. 
Wherever  feasible,  these  measurements  should  be  extended  to  higher  temperatures, 
preferably  to  at  least  1000  K.  We  also  recommend  experimental  measurements  to 
determine  the  NQ(vJ)  state  distributions  and  yields  for  reactions  of  O  with  excited 
and  for  energy  transfer  to  NO  from  metastable  states  of  Nj.  N.  O.  and  O^.  These 
"discovery"  measurements  should  be  coupled  with  auroral  modeling  and  assessments  of 
the  existing  auroral  data  base  to  determine  the  relevance  of  the  results  to  the  aeronomic 
data  base.  To  expand  this  data  base,  we  recommend  a  series  of  aeronomic 
measurements  of  aurorallv  excited  NO(vJ)  yields  and  distributions.  These 
measurements  should  be  designed  to  give  detailed  supporting  information  on  auroral 
strength,  metastable  excitation  yields  for  a  variety  of  species  (at  least  N(^D),  N(^), 
N2(A),  and  0(^D,  ^S)),  and  O  and  NO  number  densities,  all  as  functions  of  altitude,  for 
a  variety  of  auroral  and  atmospheric  conditions  (IBC  Il-in  arcs,  high/low  penetration, 
pre-dosed  regions,  high/low  [O],  high/low  [NO]).  Such  a  systematic  series  of 
measurements,  coupled  with  interpretive  modeling  and  incorporation  of 
ciirrent/emerging  kinetic  data,  will  guide  the  establishment  of  the  key  excitation 
mechanisms  and  kinetics,  and  will  put  an  end  to  the  current  level  of  guesswork  regarding 
the  auroral  excitation  efficiency  of  NO. 

For  high  temperature  NO(v)  excitation,  we  recommend  experimental  measure¬ 
ments  of  the  kinetics  of  collisional  up-pumping  of  NO  bv  O  at  high  temperatures.  IQQQ 
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results  should  be  coupled  to  results  from  recommended  low-temperature  O  NO(v) 
deactivation  experiments  to  be  discussed  in  Section  5.  In  addition,  we  recommend  high 
temperature  (or  high  collision  energy^  measurements  of  the  yield  and  temperature 
dependence  for  the  two-hodv  recombination  of  N  and  O.  Particular  attention  should  be 
paid  to  the  initial  C-state  yields  at  high  temperature,  as  well  as  to  any  evidence  for 
participation  of  the  a^  and  B  states  not  previously  observed  at  low  temperatures.  This 
work  should  be  preceded  by  a  critical  review  of  the  room  temperature  data,  including 
careful  reevaluation  of  the  necessary  transition  probabilities  in  the  radiative  cascade 
sequence. 
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5.  DEACTIVATION  OF  NO(vJ) 


Once  formed  in  the  upper  atmosphere,  vibrationally  and  rovibrationally  excited 
NO(v,J)  are  lost  through  collisional  and  radiative  deactivation.  Reactions  (4.1)  through 
(4.6)  in  Table  1.  The  primary  deactivation  paths  are  through  collisions  with  O,  which  are 
only  partially  understood,  and  radiative  cascade  in  the  infrared  fundamental  band,  which 
is  fairly  well  characterized  for  thermal  rotational  distributions.  Radiative  and  collisional 
deactivation  kinetics  of  superthermal  high-J  components  are  not  understood  at  all,  and 
our  present  level  of  knowledge  does  not  support  any  reasonable  recommendations. 

S.l  Collisional  Deactivation 

The  principal  path  for  collisional  deactivation  of  NO(v)  in  the  upper  atmosphere 
is  by  collisions  with  O.  This  is  a  highly  efficient  process,  and  is  the  only  collisional 
deactivation  reaction  whose  rates  can  compete  with  radiative  losses  at  typical 
thermospheric  altitudes  and  temperatures.  Furthermore,  the  potential  for  this  process  to 
proceed  by  multiquantum  deactivation  rather  than  single-quantum  cascade  can 
profoundly  affect  the  NO(v)  state  distribution  at  lower  altitudes.  Unfortunately,  the 
kinetics  of  this  deactivation  are  not  understood  for  higher  vibrational  levels. 

The  rate  coefficient  for 

O  +  NO(v»l)  -  O  +  NO(v=0) 

has  been  determined  by  Fernando  and  Smith  [84]  to  be  (6.5 ±0.7)  x  10'^^  cm^  s*^  at  300 
K.  This  relatively  large  rate  coefficient  is  consistent  with  values  determined  for  isotope 
exchange  and  high-pressure  recombination,  and  thus  indicates  that  vibrational 
deactivation  occurs  through  formation  and  subsequent  dissociation  of  a  loosely  bound 
O-NO  complex.  This  could  involve  both  redissociation  and  reactive  atom  exchange, 
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neither  of  which  is  likely  to  result  in  single-quantum  deactivation  of  the  NO(v)  as  is 
commonly  found  in  repulsive  V  -  T  exchange.  For  higher  v,  we  expect 


O  +  NO(v)  «  O  +  NO(v-n),  1  ^  n  $  v 

with  a  distribution  of  n  for  each  value  of  v.  Based  on  statistical  phase  space  arguments 
given  by  Quack  and  Troe  [8S],  one  might  expect  the  most  favored  value  of  n  to  be  v  in 
each  case,  i.e.,  total  deactivation  of  each  level  to  NO(vsO).  However,  the  outcome  is 
probably  sensitive  to  details  of  the  dynamic  interaction  along  the  potential  surface(s), 
and  a  distribution  of  multiquantum  n  values  is  the  most  likely  result.  Since  there  are  no 
experimental  data  to  characterize  this,  we  assume  the  statistical  limit  of  Quack  and  Troe, 
nsv.  We  further  assume,  following  Quack  and  Troe,  that  the  rate  coefficient  is  inde¬ 
pendent  of  v.  This  is  consistent  with  experimental  observations  in  electron-irradiated 
N2/O2  mixtures  [92].  It  is  interesting  to  note  that  these  assumptions  in  aeronomic 
modeling  of  auroral  NO(v)  production  provide  a  good  comparison  to  coUisionally 
coupled  NO(v)  distributions  observed  [93]  in  a  strong  aurora  [5,15]. 

The  temperature  dependence  of  O  +  NO(v)  is  also  not  well  known,  but  is  likely 
to  be  small.  Fernando  and  Smith  [84]  argue  for  a  slightly  negative  temperature 
dependence  due  to  the  complex  association  step;  Glanzer  and  Troe's  [94]  measured 
value  of  (3.7±  1.7)  x  10*^^  cm^  s*^  at  2700  K  is  consistent  with  this  hypothesis.  We  have 
used  the  300  and  2700  K  values  to  estimate  a  temperature  dependence  for  the  overall 
rate  coefficient,  as  shown  in  Figure  26.  However,  it  is  possible  that  repulsive 
single-quantum  deactivation  collisions  will  become  increasingly  important  at  the  higher 
temperatures.  Qearly,  kinetic  data  on  rate  coefficients  and  product  v  distributions  are 
sorely  needed  at  both  low  and  high  temperatures. 

Deactivation  of  NO(v)  by  N2  and  O2  is  negligible  in  the  normal  thermosphere, 
but  may  become  more  important  at  the  elevated  temperatures  following  a  high  altitude 
nuclear  burst.  Owing  to  the  mismatch  between  vibrational  frequencies,  the  deactivation 
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proceeds  primarily  by  V  -  T  (vibration  to  translation)  energy  transfer,  which  occurs 
through  impulsive  collisioiu  on  a  repulsive  potential  jurface  [95].  This  type  of  energy 
transfer  is  relatively  inefficient,  with  typical  probabilities  of  10 near  room 
temperature,  and  results  in  single-quantum  deactivation.  Measured  rate  voefficients  for 
N2  and  O2  at  300  K  are  listed  in  Table  14.  It  is  interesting  to  note  that  the  values  for 
O2  [92]  are  relatively  large  and  increase  with  v^  rather  than  v^  ®  as  predicted  from  SSH 
theory  [95];  this  may  be  a  reflection  of  the  approach  of  the  system  to  V  -  V  resonance 
between  O2(v=0  -  1)  and  NO(v=12  -  11). 

The  temperature  dependencies  of  deactivation  by  N2  and  O2  are  difficult  to  assess 
with  any  confidence.  Typically,  V  -  T  rate  coefficients  tend  to  scale  as  Aexp(-BT‘^/^ ) 
[9S],  but  we  are  aware  of  no  adequate  high  temperature  data  to  establish  the  scalings  for 
these  collision  partners.  Taylor  [96]  recommended  the  expression  k  =  6.75  x 
I0'^exp(-182.83/T^/^)  for  deactivation  of  NO(v=l)  by  both  N2  and  based  on  his 
own  unpublished  data;  however,  this  expression  is  highly  suspect,  since  it  gives  room 
temperature  values  which  are  orders  of  magnitude  below  the  subsequently  measured 
ones,  and  it  does  not  account  for  the  two-order-of-magnitude  difference  between  O2  and 
N2.  A  temperature  dependence  plot  is  shown  in  Figure  27,  comparing  data  for  Ar,  NO, 
N2,  and  02>  together  with  Taylor’s  expression.  For  extrapolation  of  the 
low-temperature  data  of  Doyenette  and  Margottin-Maclou  [97]  indicates  k(N2)  values  in 
the  10*^^  range  s**  high  temperatures,  in  which  case  deactivation  by  N2  will  be 
unimportant  (compared  to  O)  in  high  altitude  nuclear  scenarios.  On  the  other  hand,  if 
k(N2)  follows  a  temperature  dependence  similar  to  k(Ar),  we  might  expect  k(N2)  *  3  x 
10*^  cm^  s*^  at  5000  K,  in  which  case  NO(v)  +  N2  can  become  a  significant 
contributor  to  NO(v)  deactivation  (or,  conversely,  collisional  up-pumping)  near  and 
below  100  km.  Use  of  the  Taylor  expression  would  suggest  even  larger  contributions  by 
N2  at  high  temperatures. 

In  the  case  of  deactivation  by  O2.  h(02)  may  follow  a  temperature  dependence 
similar  to  that  of  k(NO),  due  to  open-shell  attractive  forces  and/or  V  -  V  contributions. 


resulting  m  k(02)  <  10'“  cm^  s'^  even  at  temperatures  up  to  8000  K;  since  typical  high 
altitude  post-burst  0/0 2  ratios  are  near  unity  or  greater,  it  appears  that  NO(v)  +  O2 
does  not  play  a  major  role  in  collisional  deactivation  of  NO(v)  at  any  temperature.  Use 
of  the  Taylm^  expression  gives  larger  rate  coefficients,  but  still  probably  not  large  enough 
compared  to  k(0)  to  offset  the  large  0/0  2  ratios  expected  at  these  temperatures. 
However,  we  are  unable  to  justify  recommendations  for  specific  temperature 
dependencies  for  k(N2)  and  k(02),  and  we  suggest  that  theoretical  scaling  estimates 
and/or  high-temperature  experimental  measurements  be  performed. 

We  now  turn  to  the  deactivation  of  high-rotation  states  of  NO,  for  which  there  is 
no  adequate  data  base.  As  discussed  in  detail  in  Section  4,  there  is  now  ample  evidence 
from  laboratory  and  in  situ  auroral  measurements  that  auroral  NO  production  results  in 
the  formation  of  rovibrationally  excited  NO(v,J),  where  the  rotational  J-states  are 
sufficiently  excited  to  form  R-branch  band  heads  in  the  vibrational  transitions  for  each  of 
several  vibrational  levels.  (Strictly  speaking,  NO  has  half-integral  rotational  quantum 
numbers  K*J+Q,  where  0= (1/2, 3/2)  is  the  spin-orbit  quantum  number;  in  discussions  of 
very  high  rotational  states,  we  approximate  this  using  J  for  convenience  and  simplicity.) 
The  rotational  line  positions  within  these  band  heads  follow  Fortrat  parabolas  as 
described  by  Herzberg  [78],  with  vertices  near  J  -  80.  Lines  for  J  -  60  to  110  can 
contribute  to  the  band  head  intensity,  and  excitation  of  up  to  J  •  120  or  higher  cannot  be 
ruled  out.  Excitation  in  excess  of  J  -  100  represents  more  than  2  eV  of  rotational 
energy;  this  energy  is  extremely  large  relative  to  kT,  and  can  be  expected  to  profoundly 
afiect  the  collisional  deactivation  kinetics.  Collisional  deactivation  of  NO(vJ)  can 
proceed  by  two  pathways:  rotational  cooling  within  a  given  vibrational  level,  or 
vibrational  deactivation  to  lower  (v,J)  levels  (retaining  or  losing  rotational  excitation). 

Normally,  one  expects  rotational  thermalization  to  be  rapid,  proceeding  with 
near-gas-kinetic  collision  efficiencies  via  R  -  T  (rotation  to  translation)  energy  transfer. 
This  occurs  for  relatively  low-to-mid-J  levels,  where  rotational  spacings  are  much  less 
than  kT,  and  several  multiquantum  channels  are  thermally  available.  For  such 
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conditions,  rotational  deactivation  rate  coefficients  can  be  estimated  using  one  of  several 
scaling  laws  available  in  the  literature  [98].  For  NO  at  300  K,  levels  above  J  •  40  can 
proceed  only  by  single-quantum  deactivation,  with  concomitant  reductions  in  their  rate 
coefficients  by  more  than  an  order  of  magnitude.  The  R  T  deactivation  efficiencies 
continue  to  decrease  as  the  energy  spacings  approach  kT,  and,  finally,  for  J  2  80  the 
spacings  exceed  kT.  At  this  point  the  classical  statistical  and  energy  gap  formulas  fail, 
and  one  must  consider  deactivation  by  collision  partners  in  the  high  energy  tail  of  the 
Boltzmann  distribution.  This  means  that  rotational  deactivation  of  the  set  of  band  head 
states  will  be  prohibitively  slow,  for  two  reasons:  (1)  the  deactivation  probability  is  small 
because  of  the  energetic  mismatch,  and  (2)  many  successive  single-quantum  deactivation 
steps  are  required  to  remove  a  given  molecule  from  the  set  of  band  head  states. 

Meanwhile,  thermalization  of  the  mid-to-low  J  states  will  occur  fairly  efficiently, 
perhaps  on  the  scale  of  tens  of  collision,  resulting  in  a  strongly  bimodal  rotational 
distribution.  This  is  discussed  by  Rawlins  et  al.  [17]  and  by  Taherian  et  al.  [99],  who 
inferred  effective  rate  coefficients  of  •  10*^^  cm^  s'^  for  thermalization  of  high-J  states 
of  NO  in  inert  bath  gases.  At  higher  temperatures,  R  -  T  deactivation  of  band  head 
states  will  become  more  efficient;  above  500  K,  the  energy  spacings  between  the  band 
head  states  are  exceeded  by  kT,  and  more  efficient  thermalization  should  ensue.  Clearly, 
a  series  of  measurements  analogous  to  those  of  Taherian  et  al.  [99]  at  300  K  and 
elevated  temperatures  would  clarify  the  picture,  as  would  theoretical  estimates  of  the 
scalings  of  rate  coefficients  to  high  J. 

Vibrational  deactivation  effects  for  band  head  states  are  much  more  uncertain. 
This  can  proceed  through  V  -  T  transfer,  where  J  remains  essentially  unchanged,  or 
through  R-»V  transfer  where  some  of  the  rotational  energy  is  converted  to  vibrational 
energy  within  the  NO  molecule.  By  analogy  to  the  atmospheric  deactivation  of 
rotationally  thermal  NO(v),  we  expect  collisions  with  O  to  dominate  the  coUisional 
deactivation  of  NO(v,high  J)  in  the  thermosphere.  However,  comparisons  between 
model  predictions  [15]  and  auroral  spectral  measurements  [16]  suggest  that  NO(vJ)  may 


be  relatively  immune  to  collisional  deactivation  by  O.  Such  behavior  would  not  be 
surprising,  since  the  mismatch  between  the  rotational  and  translational  Fourier 
components  of  the  interacting  O-NO  pair  may  prohibit  entry  into  the  attractive  potential 
wells,  resulting  in  less  efficient  impulsive  collisions.  This  is  a  very  important  factor  in 
assessing  the  collisional  stability  of  the  high-J  spectral  features  in  the  upper  atmosphere, 
and  definitive  experimental  measurements  are  clearly  required,  both  at  room 
temperature  and  at  elevated  temperatures. 

5.2  Radiative  Deactivation 

Radiative  decay  in  the  fundamental  vibration-rotation  band,  Av^l,  near  S.4  nm, 
controls  the  loss  rate  of  NO(v)  at  altitudes  above  about  120  km.  In  addition,  the 
transition  probabilities  in  this  and  in  the  first  overtone  band,  Avs2,  near  2.7  fxm, 
determine  the  intensity  of  NO(v)  radiation  at  S  to  7  and  2.5  to  3.5  nm  for  a  given 
vibrational  distribution.  There  are  several  reliable  measurements  of  the  (v’,v”)  «  (1,0) 
and  (2,0)  band  strengths  (see  below),  and  scalings  of  these  values  to  higher  v*  via  the 
theoretical  dipole  moment  function  of  Billingsley  [100]  has  been  commonly  accepted  by 
the  user  community.  However,  recently  emerging  results  from  CCX^HISE,  together  with 
the  newly  realized  need  to  determine  transition  probabilities  for  high-J  states,  indicate 
that  the  dipole  moment  function  is  still  inadequately  described  at  both  small  and  large 
intemuclear  distances.  This  leads  to  significant  uncertainties  in  the  vibrational  scaling  of 
both  the  fimdamental  and  the  overtone  transition  probabilities,  and  in  the  extrapolation 
of  these  transition  probabilities  to  higher  J-states  (and  rotational  temperatures).  We  will 
therefore  discuss  in  some  detail  the  currently  accepted  data  base  followed  by  the  recently 
available  results  from  COCHISE  experiments. 

Most  of  the  experimental  data  base  on  NO(v)  transition  probabilities  comes  from 
absorption  measurements  on  the  (1,0)  and  (2,0)  transitions.  These  are  listed  in  Table  15. 
The  measurements  for  the  (1,0)  transition  tend  to  fall  into  three  groups:  those  with  Sq  ^ 

-  130  to  140  cm‘^  ama*^,  those  with  120  to  130,  and  a  few  early  measurements  of  70  to 


80.  A  weighted  mean  of  12  selected  values  from  Table  15  gives  Sg  j  =  132.0  ±  1.5  cm'^ 
ama*^  or  Ajq  *  13.04  ±  0.15  s*^.  The  most  recent  work  of  Holland  et  al.  [90], 
together  with  the  extrapolated  line-by-line  data  of  Mandin  et  al.  [101]  as  reported 
Rothman  et  al.  [102],  tend  to  confirm  the  higher  values,  giving  A^^g  "  13.2  to  13.6  s'^. 
We  recommend  use  of  the  intermediate  value,  A^  g  =  13.4  s'^  at  300  K.  This  quantity 
appears  to  be  extremely  well  determined,  and  our  recommended  value  is  probably 
accurate  to  ±  10%  or  better. 

The  (2,0)  transition  probability  is  less  well  determined.  A  weighted  mean 
of  six  measurements  gives  Sg  2  “  2.16  ±  0.97  cm'^  ama*'  or  A2^o  =  0.84  ±  0.23  s'^, 
which  happens  to  coincide  with  the  best  available  result,  that  of  Chandraiah  and  Cho 
[103].  We  note,  however,  that  their  result  for  the  (1,0)  band  appears  to  be  about  10  to 
12%  low.  We  will  base  our  recommendation  for  A2^q  on  the  COCHISE  data  as 
described  below. 

In  a  series  of  papers,  Billingsley  [100,104]  determined  a  dipole  moment  function 
for  NO  from  ab  initio  theoretical  calculations,  and  used  it  to  derive  line-by-line  and 
band-integrated  Einstein  transition  probabilities  for  the  fundamental  and  first  overtone 
transitions  up  to  v’=20  and  J’s33.  Billingsley’s  dipole  moment  function  is  illustrated  in 
Figure  28.  One  of  his  more  important  conclusions  was  that  the  individual  line  strengths 
departed  only  slightly  from  Hdnl-London  scaling,  and  as  a  result  the  band-integrated 
Einstein  coefficients  were  virtually  independent  of  rotational  temperature,  at  least  below 
600  K.  Billingsley  also  provided  scalings  of  the  fundamental  and  overtone  Einstein 
coefficients  with  v*,  as  listed  in  Table  16,  and  compared  his  results  to  those  obtained 
from  the  semi-empirical  dipole  moment  functions  of  Michels  [105]  and  Chandraiah  and 
Cho  [103],  which  were  derived  from  absorption  data  probing  near-equilibrium 
intemuclear  separation.  Recent  measurements  by  Green  et  al.  [106]  of  the 
overtone-to-fundamental  ratios,  Ay.y.2  /A^y,i  ,  gave  results  in  excellent  agreement 
with  the  Billingsley  predictions  for  >^=3-7,  and  clearly  showed  that  the  Michels  scaling 
was  incorrect.  This  measurement  has  commonly  been  interpreted  as  verification  of  the 
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shape  of  the  Billingsley  dipole  moment  function  at  medium  to  large  intemuclear 
separation,  even  though  both  the  predicted  absolute  magnitudes  of  A2^q  and  A^g  and 
their  ratio  are  much  lower  than  the  absorption  data  base  indicates. 

In  a  previous  review  of  the  transition  probabilities  of  NO,  Rothman  et  al.  [102] 

recommended  the  values  listed  in  Table  16.  These  values  are  based  on  the  Chandraiah 

and  Cho  [103]  results  for  the  (2,0)  band,  the  high  resolution  data  of  Mandin  et  al.  [101] 

for  the  fundamental  band,  and  the  Billingsley  [100]  scalings  to  higher  v*.  However,  we 

note  that  values  recommended  by  Rothman  et  al.  for  the  (3,1)  and  (4,2)  transitions  do 

not  follow  the  Billingsley  scalings,  nor  are  they  consistent  with  the  overtone/fundamental 

ratios  measured  by  Green  et  al.  These  values  cause  a  physically  unrealistic  "kmk"  in  a 

plot  of  the  overtone  Einstein  coefficients  versus  v*.  Furthermore,  we  question  the 

physical  consistent^  of  adopting  the  Billingsley  scaling  for  the  overtone  transition 

probabilities,  which  depend  on  the  second  derivative  of  the  dipole  moment  function, 

when  his  predicted  value  for  A2,o/Ai  g,  0.043,  is  a  factor  of  -  1.5  below  the 

experimental  value.  This  factor  alone  suggests  that  either  the  Billingsley  dipole  moment 
% 

function  is  incorrect,  at  least  at  the  second  derivative  level,  or  that  all  the  experimental 
data  are  wrong. 

To  date,  there  have  been  two  key  factors  missing  from  the  experimental  data  base: 
a  reliable  measurement  of  A2,g  (or  A.2fl/A2^i),  and  transition  probability  data  extending 
to  V  >  7  to  verify  the  Billingsley  extrapolations  to  high  v.  Data  recently  obtained  on  the 
COOilSE  facility  [107]  give  an  accurate  measure  of  the  overtone/fundamental  ratios  for 
v’s2-13  for  a  rotational  temperature  of  60  K.  Such  measurements  have  been  elusive  in 
the  past  due  to  complications  from  interfering  radiators  and  bimodal  high>J 
contributions;  these  complications  are  eliminated  in  the  present  data  by  use  of  high 
spectral  resolution  to  isolate  competing  radiators  and  a  helium  background  pressure  to 
thermalize  the  rotational  distributions.  The  observed  overtone/fundamental  ratios  are 
plotted  in  Figure  29,  compared  to  previously  measured  and  predicted  values.  The 
agreement  with  Green  et  al.  [106]  is  excellent  over  the  range  3  s  v*  s  7  where  their  data 
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have  reasonable  precision.  However,  the  measured  values  deviate  significantly  from  the 
Billingsley  scaling  at  both  low  and  high  v’,  even  hinting  at  the  presence  of  a  maximum 
near  v**  11.  The  implications  of  these  results  are  that  the  shape  (second  derivative)  of 
the  Billingsley  dipole  moment  function  is  incorrect  over  much  of  the  relevant  range  of 
intemuclear  separation,  and  that  even  the  slope  (first  derivative,  affecting  fundamental 
band  Einstein  coefficient  scaling  with  v')  may  have  substantially  increasing  error  at  larger 
separations. 

We  presume  that  the  Billingsley  scaling  is  sufficient  to  give  an  accurate  ratio  of 

A2,i/Ai,o,  which  we  apply  to  the  observed  [107]  value  of  obtain  A2^o  ® 

0.94  ±  0.11  s*^.  This  is  consistent  with  the  results  of  Chandraiah  and  Cho  [103],  and  is 

our  recommended  value.  To  provide  a  reliable  set  of  values  of  A^  ^  for  higher  v*,  it 

will  be  necessary  to  derive  an  empirical  dipole  moment  function  which  best  reproduces 

the  COCHISE  overtone/fundamental  measurements;  this  work  is  still  in  progress. 

Meanwhile,  to  provide  a  temporary  recommendation,  we  suggest  the  values  listed  in 

Table  17.  These  are  determined  from  the  COCHISE  data  [107]  using  our  recommended 
% 

value  for  A^  g  and  assuming  Billingsley  scaling  with  v*  for  the  Av»l  Einstein  coefficients. 
The  Einstein  coefficients  determined  in  this  fashion  are  plotted  in  Figure  30,  in 
comparison  with  other  values.  Although  it  is  essentially  impossible  to  estimate  the 
uncertainty  of  these  valut  antil  the  dipole  moment  function  work  has  been  completed, 
the  values  in  Table  17  are  probably  accurate  to  within  about  10%  at  low  v*,  and 
increasingly  uncertain  to  about  ±40%  at  ^=13.  There  is  presently  no  basis  for 
extension  of  these  values  beyond  v’  =  13;  this  must  await  more  complete  evaluation  of  the 
experimental  dipole  moment  function.  Such  an  extrapolation  is  especially  sensitive  to 
the  possibility  of  a  downturn  in  the  overtone  transition  probabilities  in  this  region. 

The  values  in  Table  17  are  appropriate  for  rotational  temperatures  below  100  K, 
and  are  probably  reliable  for  temperatures  up  to  at  least  300  K.  The  extension  of  these 
values  to  higher  rotational  temperature  (or  higher  J)  is  presently  highly  uncertain.  At 
some  temperature,  Ay>y  will  become  sensitive  to  rotational  distribution,  since  the 
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scaling  of  A(J)  becomes  more  divergent  from  Honl-London  scaling  as  J  increases. 
Whether  this  occurs  for  1000,  5000,  or  10000  K  is  impossible  to  know  without  more 
detailed  evaluation  of  the  dipole  moment  function  and  its  effects  on  the  line-by-line 
transition  probabilities.  It  is  likely  that  high-J  distributions  resulting  in  R-branch  band 
heads  (J  »  60  to  120)  are  profoundly  affected,  since  these  states  sample  the  extremes  of 
intemuclear  separation  where  curvature  in  the  dipole  moment  function  will  be  more 
pronounced.  Thus,  there  is  at  present  little  basis  for  estimating  the  effects  of  rotational 
distribution  on  transition  probability.  However,  based  on  Billingsley’s  [100,104] 
prediction  of  near  Hdnl-London  behavior  for  J  -  30,  v*  s  20  for  both  the  fundamental 
and  the  overtone,  it  is  reasonable  to  guess  that  at  least  the  fundamental  band  values  in 
Table  17  are  not  seriously  perturbed  at  temperatures  up  to  about  1000  K.  More 
definitive  statements  must  await  detailed  evaluations  in  progress. 


The  recommended  kinetic  parameters  for  NC>(v)  deactivation  processes  are  listed 
in  Table  18.  However,  few  of  these  recommendations  can  be  made  with  high  or  even 
well  determined  confidence,  and  much  more  definitive  data  are  needed  for  all  of  the  key 


processes. 


questions  which  need  to  be  answered  are: 


Specific 


O-hNOfvV  What  are  the  multiquantum  product  state  distributions  at  low 
temperature?  What  is  the  temperature  dependence  of  the  rate  coefficient 
up  to  -*  5000  K?  Does  a  single-quantum  V  T  deactivation  mechanism 
become  more  important  than  multiquantum  deactivation  at  high 
temperature? 
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Z  NO(v)+OyNy  What  are  the  rate  coefficients  at  high  T.  3000  to  5000  K, 
and  are  they  large  enough  for  these  processes  to  compete  with  O  for 
deactivation/  up-pumping  of  NO(v)? 

3.  NQfv.J1-t-M:  Does  deactivation  of  high-J  states  occur  predominantly 
through  R  -  T,  R  -*  V,  or  (V,R)  -  T  energy  transfer?  How  do  the  rate 
coefficients  vary  with  J  and  T?  What  are  the  effects  of  O? 

4.  Radiative  Transition  Probabilities:  What  are  the  overtone  transition 
probabilities?  What  is  the  detailed  shape  of  the  dipole  moment  function, 
and  how  does  it  affect  scaling  of  fundamental  and  overtone  transition 
probabilities  with  v  and  J?  How  do  the  band-integrated  transition 
probabilities  vary  with  rotational  temperature,  and  what  are  the  effects  of 
very  high-J  states?  What  are  the  quantitative  uncertainties  in  high-J,  high-v 
transition  probabilities  due  to  uncertainties  in  the  dipole  moment  function 
at  large  and  small  intemuclear  separations? 


We  recommend  that  further  experimental  and  theoretical  efforts  be  pursued  to  answer 
these  questions. 


6.  SUMMARY  AND  CONCLUSIONS 


We  have  reviewed  the  chemistry  and  kinetics  of  the  processes  most  directly 
relevant  to  the  production  of  infrared  radiation  from  vibrationally  excited  nitric  oxide  in 
the  disturbed  upper  atmosphere.  We  have  categorized  these  processes  in  terms  of 
electron-initiated  NO  formation  and  removal  (including  metastable  precursor  production 
and  quenching),  high  temperature  thermal  NO  formation  and  removal,  and  NO(v) 
excitation  and  deactivation  processes.  We  have  provided  recommended  kinetic 
parameters  and  uncertainty  estimates  wherever  possible,  but  we  emphasize  that  many  of 
these  recommendations  are  highly  speculative  and  are  not  well  supported  by  the 
available  data  base.  We  have  also  given  recommendations  for  specific  areas  where  a 
great  deal  of  further  work  is  required  to  resolve  key  issues.  Our  specific 
recommendations  may  be  found  in  the  text  in  Subsection  2.1.3  (metastable  precursor 
production).  Subsection  2.2  (metastable  precursor  quenching).  Subsection  2.3  (NO 
production  from  metastable  chemistry).  Subsection  2.4  (low  temperature  NO  chemical 
removal).  Subsection  3.4  (high  temperature  NO  formation  and  removal),  Subsection  4.4 
(NO(v)  excitation),  and  Subsection  S.3  (NO(v)  deactivation).  Recommended  kinetic 
parameters  are  tabulated  in  TAbles  2,  S,  6,  7,  8,  13,  and  18. 

Bombardment  production  of  NO(v)  can  occur  through  three  basic  mechanisms 
which  are  roughly  separable  by  temperature  regime.  At  low  temperatures,  the  dominant 
mechanism  is  through  electron-impact  initiated  metastable  chemistry,  in  which  highly 
excited  NO(v)  is  produced  by  energetic  reactions  involving  electronically  excited  species. 
At  least  two  such  reactions  have  been  identified  to  date,  and  several  more  are  possible. 
Such  processes  tend  to  give  rise  to  highly  non-equilibrium,  super-thermal  vibrational  and 
rotational  distributions,  which  slowly  relax  toward  equilibrium  conditions  by  radiative  and 
collisional  decay.  These  reactions  are  efficient  at  low  temperatures  and  have  small 
temperature  dependencies,  so  the  metastable  mechanism  dominates  NO(v)  production  in 
the  auroral  atmosphere  and  in  the  cooler  electron-bombarded  regions  around  a  high 
altitude  nuclear  burst  At  intermediate  to  high  temperatures,  most  of  the  NO  is 
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produced  by  thermally  initiated  chemistry  of  heated  air,  and  is  coUisionally  pumped  up  to 
and  down  from  higher  vibrational  levels  by  atomic  oxygen.  This  mechanism  tends  to 
produce  subthermal,  collision-limited  vibrational  distributions.  Finally,  at  very  high 
temperatures  where  the  atmosphere  is  dissociated  and  the  thermal  lifetime  of  NO  is 
short,  NO(v)  radiation  can  still  be  produced  by  radiative,  two-body  recombination  of  N 
and  O.  This  occurs  through  radiative  cascade  from  higher  electronic  states,  resulting  in 
non-equilibrium  population  of  several  vibrational  levels. 

Our  understanding  of  atmospheric  NO  excitation  has  progressed  greatly  in  the  last 
S  to  10  years,  especially  in  the  areas  of  metastable  quenching  and  chemiexcitation 
mechanisms,  high  temperature  N2/O2  kinetics,  and  the  radiative  properties  of  NO. 
However,  many  key  elements  of  the  above  mechanisms  are  still  poorly  or  marginally 
understood.  A  list  of  the  more  important  gaps  in  the  data  base  is  given  in  Table  19. 
Foremost  among  these  are  the  temperature  dependencies  of  the  rate  coefficients  and 
product  channels  for  the  metastable  quenching  and  chemiexcitation  reactions,  the 
kinetics  and  product  channels  of  O+NO  up-pumping  and  0-»-N0(v)  deactivation  at  all 
temperatures,  the  radiative  and  collisional  kinetics  of  highly  rotationally/vibrationally 
excited  NO(vJ),  the  mechanisms  and  efficiencies  of  N(^D)  and  N(^P)  production  in 
electron-irradiated  air  as  functions  of  dosing  and  vibrational  temperature,  the  collisional 
and  chemical  kinetic  effects  of  superthermal,  translationally  fast  O  and  N,  and  the 
kinetics  of  high  temperature  NO  dissociation  and  radiative  recombination. 

The  potential  methods  for  investigation  of  these  problems  deserve  some  comment 
None  of  the  issues  we  have  raised  are  easy  to  resolve,  and  significant  progress  can  only 
be  made  through  application  of  thorough  and  novel  experimental  and  theoretical 
methods.  Product  vibrational/rotational  state  distributions  from  metastable 
chemiexcitation  and  energy  transfer  reactions  can  be  investigated  by  infrared 
chemiluminescence  methods  at  low  temperatures  and  by  active  probes  such  as 
laser-induced  fluorescence  near  room  temperature  and  above.  The  temperature 
dependencies  of  excited  state  quenching  and  chemiexcitation  reactions  can  be 
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investigated  to  a  significant  extent  in  variable-temperature  discharge  flow  reactors; 
however  the  requirements  for  short  residence  times  and  extensive  optical  access  make 
such  experiments  very  difficult  and  probably  limited  to  temperatures  below  800  to 
1000  K.  Flash  photolysis  techniques  can  perhaps  be  used  to  extend  the  temperature 
range  to  •  1500  K  provided  suitable  photochemical  precursors  to  the  species  of  interest 
can  be  identified. 

For  kinetic  measurements  of  thermal  reactions  above  •  1000  K,  carefully 
diagnosed  shock  tube  techniques  are  the  methods  of  choice.  However,  studies  of 
metastable  chemistry  would  require  an  external,  non-thermal  metastable  excitation 
source  (flash  photolysis  or  electric  discharge),  and  investigations  of  collision  partner 
effects  in  vibrational  relaxation  and  dissociation  reactions  would  have  to  discriminate 
effectively  against  competing  effects  of  the  diluent  bath  gas  (usually  Ar).  Fast  atom 
effects  can  be  studied  with  advanced  crossed  molecular  beam  techniques  and,  perhaps, 
by  flash  photolysis  of  suitable  precursors;  these  methods  are  complicated  by  difficulties  in 
controlling  and  specifying  the  interaction  energies  actually  obtained. 

State-of-the-art  theoretical  analyses  can  also  be  applied  to  a  number  of  the  more 
experimentally  difficult  problems,  to  predict  trends  and  to  guide  our  chemical  intuition 
into  these  complex  processes.  Useful  theoretical  investigations  would  include  potential 
energy  surface  and  trajectory  calculations  for  N*-02.  O-NO,  and  O-N2*  interactions  over 
a  wide  range  of  collision  energies,  extensions  of  vibrational  deactivation  rate  coefficients 
to  high  temperature,  the  dynamics  of  highly  rotationally/vibrationally  excited  species,  and 
the  behavior  of  the  NO  dipole  moment  function  at  extremes  of  intemuclear  separation. 

In  addition,  we  encourage  the  use  of  "integrated  whole"  experiments,  in  the  form 
of  well-diagnosed  laboratory  simulations  and  auroral  flight  measurements,  to  examine  the 
overall  process  of  NO(v)  production  in  electron-irradiated  N2/O2  mixtures.  Laboratory 
simulations  could  take  the  form  of  pulse  radiolysis  or  electron-beam  irradiation  of 
N2/O2  mixtures;  these  could  be  similar  to  those  previously  reported  [108,109],  but  at  low 
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pressures,  variable  temperatures,  and  with  more  complete  diagnostics  of  electron  energy 
deposition  and  metastable,  atomic  oxygen,  and  total  NO  number  densities.  Similarly, 
high  altitude  auroral  measurements  of  NO(v)  distributions  could  be  analogous  to  those 
pteviously  performed  [16,93]  but  with  more  complete  supporting  diagnostics  of  auroral 
deposition  profiles,  N(‘D)  and  N(^P)  emissions,  and  atomic  oxygen  number  densities. 
Measurements  of  this  type  can  provide  a  robust  data  base  which  shows  trends  with 
dosing,  temperature,  atomic  oxygen  effects,  and  atmospheric/auroral  variability,  and 
would  place  sufficient  constraints  on  the  model  predictions  to  permit  unambiguous 
conclusions  about  the  viability  of  a  postulated  mechanism. 

Finally,  we  recommend  kinetic  modeling  studies,  including  numerical  simulations 
and  systematic  sensitivity  calculations,  for  specific  auroral  and  nuclear  scenarios.  From 
the  data  provided  in  this  report,  it  is  possible  to  assemble  a  first-order  estimate  of  a 
reaction  mechanism  describing  NO(v)  formation  and  destruction  over  the  entire 
temperature  range  encountered  in  high  altitude  bombardments.  This  can  be  used  in  a 
systematic  way  to  examine  the  relative  importance  of  each  reaction  rate  as  a  function  of 
temperature  and  bombardment  conditions.  It  is  unlikely  that  every  rate  coefficient  needs 
to  be  known  from  200  to  10000  K,  and  information  on  the  range  of  conditions  over 
which  specific  reactions  are  most  important  would  be  extremely  valuable  in  helping 
experimenters  to  focus  their  efforts  on  the  most  relevant  conditions.  Sensitivity 
calculations,  employing  the  rate  parameter  and  mechanistic  uncertainties  estimated  here, 
can  be  used  to  evaluate  the  effects  of  the  largest  unknowns  on  predicted  scalings  of 
specific  bandpass  radiation  with  dosing,  temperature,  altitude,  etc.  This  would  also 
provide  key  information  which  would  help  to  prioritize  further  investigations. 

The  problem  of  NO(v)  radiation  in  the  disturbed  upper  atmosphere  is  clearly  a 
complex  and  partially  understood  one,  even  for  relatively  simple  and  accessible  auroral 
conditions.  After  a  significant  amount  of  detailed  experimental  and  theoretical 
investigation,  our  knowledge  has  reached  the  level  at  which  we  can  specify  what  we  still 
need  to  learn  in  order  to  have  a  reliable  predictive  understanding.  Considering  that  NO 


is  arguably  the  best  understood  disturbed-atmosphere  molecular  infrared  radiator,  it  is 
clear  that  our  general  knowledge  of  high  altitude  infrared  signatures  and  excitation 
mechanisms  is  far  from  complete.  Continued  pursuit  of  these  issues  should  challenge 
experimentalists,  aeronomers,  and  theorists  for  some  time  to  come. 
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Table  1.  High  Altitude  NO  Chemistry 


Electron-initiated  chemistry 


a.  Precursor  Formation 


e'  +  N,  -.e*  +  2N(<S,2D.2p) 

e*  +  -  2N(^  2p/P) 

e*  +  NO"^  -  O  +  N(^/p  2p) 

O  +  NO*  +  2p) 

N^  +  q,  -02'^  +  N(*S/D) 

N  +  N2  N2  +  N(2d/P) 


Precursor  Loss 


N(2d)  +  0<JP)  - 
N(2p)  +  CK^P)  - 


N(2d)  +  O2 
N(2p)  +  O2 
N(2d)  +  N2 
N(2P)  +  N2 
e-  +  N<?D) 
e-  +  N?P) 


N(^)  +  CK^P.^D) 
NC^)  +  0(\P.*D) 
-•  NrD)  +  0(^P) 
-N0'*‘(vS3)  +  e- 
-•products 
-•products 

-  N(^)  +  N2 

-  N(^  ^D)  +  N2 

-  N(^)  +  e* 

-  N(^)  +  e* 

-  N(2d)  +  e* 


c.  NO  Formation 


N(2d)  +  O2 

-NO  +  0 
-  N(^)  +  O2* 

N(2P)  +  O2 

-NO  +  0 
-N(2d)  +  02* 
-  NH)  +  Of 

0  +  N2* 

N*  +  ^* 

-NO  +  N 

-NO  +  0 

NO  Destnictioa 

N  +  NO 

—  N2  ^  0 

N(2D)  +  NO 

-N2  +  0 

NO  -I-  by 

-N  +  0 
-  NO"^  e’ 

NO  +  e* 

—  N  +  0  +  e* 

-  NO'*'  +  2e' 
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Table  1.  High  Altitude  NO  Chemistry  (Continued) 


2. 

Theniuliy  initiated  chemistry 

Precursors:  N2  +  M-*N  +  N  +  M 

(1) 

O2  +  M-0  +  0  +  M 

(2) 

NO  Formation:  N  +  O2  NO  +  0 

(3) 

0  Nj  -  NO  +  N 

(4) 

NO  Removal:  0  +  NO  -•  N  +  O2 

(5) 

NO  +  M-  N  +  O  +  M 

(6) 

3. 

Excitation  of  N(Xv.l) 

Chemiexcitation: 

N(^)  +  O2  -  NO(v)  +  0 

(1) 

N(2d)  +  02  -  NO(v)  +  , 

N(2p)  +  O2  -  NO(v,J)  +  CK^P.^D.^S) 

7 

N2*  +  0  -  NO(v)  +  N 

(2) 

(3) 

(4) 

N  +  0  (+M)  -  NO(v)  (+M)  +  h¥ 

Energy  Transfer: 

(5) 

N2*  +  NO  -  N<Xv,J)  +  N2 

7 

N*  +  NO  ^  N  +  N0(v4) 

7 

O2*  +  NO  -  O2  +  NO(v) 

7 

0*  +  NO  -  0  +  NO(v) 

(6) 

(7) 

* 

(8) 

(9) 

0(diermal)  +  NO  -•  0  +  NO(v) 

(10) 

0(fast)  +  NO  -  0  +  NO(v  J) 

Radiative: 

(11) 

NO  +  hiPiR  -  NO(y) 

(12) 

NO  +  hi»„y  -  NO  -  NO(v)  + 

(13) 

4. 

Deactivation  of  NO(v  J) 

Collisional: 

NO(v)  +  0  -*  NO(v-n)  +  0 

(1) 

NO(v)  +  N2  -  NO(v-l)  +  N2 

(2) 

NO(v)  +  O2  -  NO(v-l)  +  O2 

(3) 

NO(v.high  J)  +  M  -  NO(vy’)  +  M 

(4) 

Radiative: 

NO(vV’)  -  NO(v’-l,J")  +  hi^ 

(5) 

NO(vy’)  -  NO(v’.24")  +  hi^ov 

(0) 
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Table  2.  Recommended  Average  N*  Production  Rates,  Atoms/Ion  Pair^ 


Auroral^ 

Nuclear 

Process 

N(^) 

N(2d) 

N(2p) 

N(^S) 

N(2d) 

N(2p) 

e*  +  N2 

0.5 

0.3 

0.2 

0.62 

0.42 

0.25 

e-  +  N2'" 

0 

0 

0 

0 

1.3® 

e 

e*  + 

0.17 

0.5 

c 

0 

0.06^ 

c.f 

0  +  N2'^ 

0 

0.5 

d 

0 

f 

d.f 

+  O2 

0.01 

0.03 

0 

0.02 

0.06 

0 

Total 

0.67 

1.38 

20.2 

0.64 

1.84 

20.25 

a.  Overall  confidence  X/-i-  2 

b.  Altitudes  ^  1 10  km;  yields  at  lower  altitudes  depend  on  dosing  profile 

c.  May  be  produced  from  NC**  (v  ^  3) 

d.  May  be  produced  from  N2'''  (v  2:  2) 

e.  N(^D)/N(^P)  branching  ratio  depends  on  vibrational  distribution  of  N2'^ 

f.  Small  in  strong  bombardment  limit;  may  contribute  significantly  in  relaxation  regions 
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Table  3.  Representative  Kinetic  Parameters  Relevant  to  N*  Production 


Reaction 

k» 

References 

e*  +  Nj  -  e*  +  N  +  NC^S.^D.^P) 

b 

Zipf  and  McLaughlin  (1978) 
[9];  Zipfetal.  (1980)  [8] 

e'  +  Nj'^Cv-O-NC^D)  +  N(2d) 
e'  +  N2'*’(v»1)-N(2d)  +  N(2D) 

-  N(2d)  +  N(2p) 

l.66(-6) 

5.6(-7) 

Mehr  and  Biondi  (1968) 

[20];  Queffelec  et  al. 

(1985)  [21] 

e'  +  NO'^  -  0  +  0.25  NC*S) 

+  0.75  N(2d) 

4.0(-7) 

(Te/BOO)-^® 

Kley  et  al.  (1977) J61; 

Alge  et  al.  (1983)<* 

BH 

1.4(.l0) 

(T/300)'0<^ 

Frederick  and  Rusch  (1977) 
[!};  McFarland  et  al.  (1974)^ 

♦  O2  Oj*  +  N(2d)  I 

^^02  ♦  N(^)  ^  1 

+  0.l5O(^D)  1 
^  0.85  0(^S)  1 
^*0*(^S)  ♦NO  1 

6  X  lOr^® 

Langford  et  al. 

(1985,  1986)f 

N(^)  +  Nj*  -  N2  +  N(2p) 

4x  10*“ 

(T/300)^'2 

Estimated  from  Piper 
(1989)  [22] 

Table  3.  Representative  Kinetic  Parameters  Relevant  to  N  Production  (Continued) 


Reaction 


N(2d)  -  N(^)  +  hv  (520  nm) 
N(2p)  -  N(^)  +  hi»  (346.6  nm) 
N(2p)  -  N(2d)  +  hy  (1040  nm) 


l.07(-5)« 

5.4(-3)® 

7.9(-2)® 


References 


Garstang  (1956) 
124,251 


Units  are  cm^  s'*  unless  otherwise  noted;  signifies  electron  temperature;  1.66<-6)  reads 
1.66  xlO*^ 

Cross  sections  must  be  convolved  with  a  dosmg-characteri^c  dectron  energy  distribution  to  i 
determine  scene-specific  rate  coefficients  and  product  brandling  ratios.  ' 

Units  are  s*^ 

E.  Alge,  N.G.  Adams,  and  D.  Smith,  "Measurements  of  the  Dissociation  Recombination 
Coefficients  of  O2''’,  NO'*’,  and  NH4'*’  in  the  Temperature  Range  200  to  600  K,"  J.  Phys. 
B:'Atom  Molec.  Phys.  Ifi,  1433  (1983). 

M.  McFarland,  D.L.  Albritton,  F.C.  Fdisenfeld,  E.E.  Ferguson,  and  /..L.  Schmeltekopf, 
"Energy  Dependence  and  Branching  Ratio  of  the  N2'*'  +  O  Reaction,*  J.  Geophys.  Res.  22> 
2925  (1974). 

A.O.  Langford,  V.M.  Bierbaum,  and  S.R.  Leone,  "Auroral  Implications  of  Recent 
Measurements  on  0(^S)  and  0(^D  Formation  in  the  reaction  of  N***  widi  O2,"  Planet.  Space 
Sci.  1225  (1985);  "Branching  Ratios  for  Electronically  Excited  Oxygen  Atoms  Formed  in 
the  Reactions  of  N'*’  widi  O2  at  300  K,"  J.  Chem.  Phys.  2158  (1986). 


Table  4.  Gilmore  Mixing  Rules  for  Ion  and  Excited  State  Production  Rates 
by  Electron  Bombardment  in  Dissociated  or  Ionized  Air  [18] 


Species 

Numbers  Produced  Per  Ion  Pair  (34  eV)*»'* 

1.62  [N2]/n 

02^ 

1.33  [02|/n 

N-" 

(0.38  [N2I  +  1.22  (N])/n 

0+ 

(0.57  IO2I  +  1.22  [0])/n 

N2(v-1) 

19  [N2]/n 

02(a^A) 

3.4  I02J/n 

N(2d) 

(1.06  (N2I  -i-SlND/n 

N(2p) 

(0.63  [N2I  -t-  0.8  [Nl)/n 

‘Square  brackets  denote  number  density  in  molecules/cm^ 

'’Total  nuclei:  n  =  2  [N2I  2  [O2I  -»•  [N]  +  10]  for  dissociated  air;  n  »  2  (N2I  + 

2  IO2I  -►  [bn  +  [0]  +  IN'*"]  [O"'’!  for  ionized  air. 
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e  5.  Recommended  Kinetic  Parameters  for  N*  CoUisional  Loss  Processes^ 
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Table  S.  Recommended  Kinetic  Parameters  for  N  Collisional  Loss  Processes^  (Continued) 


*Rate  coefficients  are  in  cm^  molecule' 


Table  6.  Recommended  Kinetic  Parameters  for  NO  Formation  Reactions^ 


Reaction 

k(T) 

Uncertainty  Range 

Ic.l  N(2d)  +  O2  -NO  +  0 

Table  5  x  1.0 

Table  5  x  (0.5  to  1.0) 

lc.2  -  N(^S)  +  O2* 

0.0 

Table  5  x  (0.0  to  0.5) 

lc.3  N(2p)  +  O2  -  NO  +  0 

Tables  X  1.0 

Table  5  x  (0.5  to  1.0) 

lc.4  -  N(2d)  +  O2* 

0.0 

Table  5  x  (0.0  to  0.5) 

lc.5  -  N(^S)  +  O2* 

0.0 

Table  5  x  (0.0  to  0.5) 

lc.6  0  +  N2*  -  NO  +  N 

i  3  X  10"^^ 

Upper  Bound 

lc.7  N*  +  O2*  -  NO  +  0 

^  3  X  10*^0 

Upper  Bound 

*Rate  coefficients  are  in  cm^  molecule"^  s"^ 


Table  7.  Recommended  Kinetic  Parameters  for  NO  Removal  Processes^ 


Reaction 

K(D 

Uncertainty  Range 

Id.l  N  +  NO-* 

Nj  +  0 

(3.1  ±  1.0)  X  10'‘*  exp  1(0  ±  100)/T1 

Alternative  for  T  >  1000  K;  6.3  x  10*^^ 
exp  (-390/T1 

X/  +2 

ld.2  N(2d)  +  no  - 

N,  +  0 

(6.3  ±  2.0)  X  10‘‘^ 

X/  +2 

ld.3  NO  +  hi» 

-N  +  0 

Cross  sections  evaluated  by  Cieslik  and 
Nicolet  (59J 

- 

ld.4  -  NO'*'  +  e* 

Cross  sections  tabulated  by  Watanabe  et 
al.  [S8I 

- 

ld.5  NO  +  e* 

-*  N  +  0  +  e* 

Cross  sections  tabulated  by  Ajello  et  al. 

[611 

- 

ld.6  -  NO'*'  +  2e' 

Cross  sections  tabulated  by  Kim  et  al.  [60] 

- 

^Rate  coefficients  are  in  cm^ 

molecule'^  s*^ 
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Table  8.  Recommended  Kinetic  Parameters^  for  High-Temperature  NO 
Formation  and  Removal  Reactions 


k(T)  =  AT"  exp  (-E/RT) 


Reaction 

k(T) 

— 

Uncertainty  Factor 

A 

n 

EJR 

2.1  N2  +  M  -  N  +  N  +  M 
M  =  N2 

M  =  Ar 

M  =  0,  O2 

6.l(-3) 

-1.6 

113200 

X/+3,  6000  K  i  T  S  15,000  K 

Additional  XI  +  2 

k(N2)  X  0.4 

No  recommendation 

2.2  O2  +  M-*0  +  0  +  M 

M  *  At 

M  =  N2 

M  =  O2 

M  -  0 

3.0(-6)  1  -1.0 
k(Ar)  X  l.( 

k(Ar)  X  l.( 

k(Ar)  X  3.( 

59380 

) 

) 

S 

XI  -i-  2,  3000  K  ^  T  ^  8000  K 

Additional  XI  2 

Additional  x  10,  1 

Additional  x  10,  1 

2.3  N  +  O2  -  NO  +  0 

I.l(-14) 

1.0 

3150 

±30%,  300-1500  K,  increasing 
above  1500  K  to  X/  2  at 

3000  K  and  above 

±30%,  2000-5000  K,  incorrea 
for  T  <  1500  K 

Alternative  for  T  2  2000  K: 

2.5(-l4) 

1.0 

4394 

Q9QQQ{|Q3EEIIIIii 

^.0(-10) 

m 

38370 

±35%.  200(MO00  K 

2.5  0  +  NO  -  N  O2 

6.3(-l5) 

l.O 

20820 

±30%,  1500-5000  K 

2.6  NO  +  M  -  N  +  0  + 

M 

M  »  Ar,  O2.  N2 

M  »  0,  N.  NO 

6.6(.4) 

-1.5 

75500 

XI  +  10 

Additional  XI  2 

k  ^  20  k(Ar) 

*Rate  coefficients  are  in  cm^  molecule'^  s*^ 
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Table  9.  Surprisal  Predictions  of  Relative  Initial  Populations  of  NO(v) 
in  the  Reactions  of  N(^D,  ^P)  with  O2  (from  Ref.  17) 


^  ”  "  ■  1  ,  ,  — 

Ny/ENy 

V 

N(2d)  +  O2* 

N(2p)  +  €>2^ 

0 

1.36(-02) 

2.67(-0l) 

1 

2.49(-02) 

I.85(-01) 

2 

4.37(-02) 

1.18(-01) 

3 

7.22(-02) 

7.10(-02) 

4 

1.12(-0l) 

5.72(-02) 

5 

l.58(-01) 

5.03(-02) 

6 

1.87(^)1) 

4.37(-02) 

7 

I.53(-01) 

3J7(-m) 

8 

1.24(-01) 

3.21(-02) 

9 

5.51(-02) 

2.69(-02) 

10 

2.84(-02) 

2.23(-02) 

11 

1.44(-02) 

1.81(-02) 

12 

7.17(-03) 

1.44(-02) 

13 

3.47(^3) 

l.l3(-02) 

14 

1.62(-03) 

8.82(>03) 

15 

7.1I(^) 

7.50(-03) 

16 

2.83(-04) 

6.43(-03) 

17 

9.0l(-05) 

5.43(-03) 

18 

l.5l(-05) 

4.50(-03) 

19 

3.67(-03) 

20 

2.88(-03) 

21 

2.23(-03) 

22 

l.67(-03) 

23 

1.13(-03) 

24 

9.00(-04) 

25 

3.20(-04) 

26 

6.00(-05) 

•k(O^P)/k(O^D)  »  0.285 

*\(O^P)/k(O^D)  »  k(O^S)/k(O^D)  -  1 
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Table  10.  Energy  Transfer  Kinetics  for  N2(A^Ey'*')  +  NO 


NCKA)  v' 

N2(A)  V' 

Total 

Quenching^ 

0 

1 

2 

NCKB,  v'=0) 

0 

(6.6  ±  1.0)(-11) 

lb 

0.094  ±  0.006 

0.003 

0.0032  ±  0.0007 

1 

-  k(v'=0) 

1.11  ±  0.07 

0.22  ±  0.03 

0.024 

0.033  ±  0.007 

2 

- 

0.29  ±  0.07 

0.032  ±  0.03 

^Rate  coefficients  are  in  cm*^  molecule"^  s‘^ 

^"1"  corresponds  to  (9  ±  3)  x  10*^^  cm^  molecule'^  s"^ 
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Table  11.  Initial  NO(X^n,  v)  Populations  from  N2(A^Ey'*’)  +  NO 


N^/E  Nv 

N2(A)  v'  =  0:1:2  Relative  Populations 

1:0:0 

1:1:0 

1:1:1 

0:1:0 

0:0:1 

1:0.5:0.2 

0.224 

0.235 

0.254 

0.243 

0.238 

0.251 

0.236 

0.242 

0.249 

mm 

0.195 

0.176 

Bin 

0.106 

0.192 

0.137 

0.132 

0.124 

119 

0.096 

0.131 

0.081 

0.081 

0.083 

0.081 

0.088 

0.092 

0.044 

0.047 

0.052 

0.049 

0.070 

0.048 

0.023 

0.027 

0.032 

0.029 

0.051 

0.027 

0.011 

0.015 

0.019 

0.018 

0.035 

0.015 

0.006 

0.009 

0.012 

0.012 

0.024 

0.009 

0.003 

0.005 

0.008 

0.008 

0.016 

0.005 

0.001 

0.003 

0.005 

0.005 

0.011 

0.003 

Table  12.  Estimated  Rate  Coefficients  for  Excitation  of  NO(v)  by 
O  +  NO(v=sO)  Collisions^ 


k(v)  *  3.5  X  10"^^  exp 


Ev 

— 

/T 

0.695 

V 

Ey,  cm*^ 

Enet/R 

1 

1876.1 

2509 

2 

3724.2 

5069 

3 

5544.3 

7787 

4 

7336.4 

10366 

5 

9100.5 

12904 

6 

10836.5 

15402 

7 

12544.4 

17860 

8 

14224.5 

20277 

9 

15876.2 

22654 

10 

17499.9 

24990 

®Rate  coefficients  are  in  cm^  molecule*^  s*^. 

Table  13.  Suggested  Kinetic  Parameters  for  NO(v,J)  Excitation  Processes* 


Reaction 

3.1 

NC*S  +  O2 

-  NO(v)  +  0 

3.2 

N(2d)  +  O2 

-  NCKv)  +  O(^P.^D) 

3.3 

N(2p)  +  O2 

-  NO(v,J)  + 

CK^P.^D.^S) 

3.4 

Nj*  +  0  - 

NO(v)  +  N 

3.5 

N  +  0- 

NO(v)  +  hi* 

3.7 

N*  +  NO  - 

NO(v,J)  +  N 

3.8 

O2*  +  NO  - 

NO(v  J)  +  O2 

3.9 

0*  +  NO  - 

NO(yJ)  +  0 

3.10  0  +  NO- 

NO(v)  +  0 

k(T) 

NO(v) 

Populations 

Comments 

Table  8 

Winkler  et  al. 
169) 

Populations  good  to  factor  of 

2  for  300  K;  need  to  re¬ 
evaluate  data  base. 

Tables  5.6 

Table  9 

Populations  applicable  to  low 

T  only;  need  direct 
measurements  for  T  2 

300  K. 

Tables  5.6 

Table  9 

Populations  applicable  to  low 

T  only;  need  direct 
measurements  for  T 

300  K. 

Table  6 

7 

No  basis  for 
recommendations;  need 
direct  measurements. 

10*17  (300/T)1^2 

Populations  via  cascade  need 
tc  be  evaluated;  need  high  T 
measurements;  uncertainty 

X/  +  10. 

Table  11  for 

NjfA) 

Uncharacterized  for  most 
forms  of  N2* 

Table  7.  upper 
bound  for  Nf^D) 

7 

Unknown 

02(alAj):4.5(-l7) 

02<blE,-^):3(-l3) 

v*4  only 

7 

Quenching  data  at  300  K 
only. 

0(1D):1.5(-10) 

O(lS):8(-10) 

7 

7 

Quenching  data  at  300  K 
only;  no  observations  of 

NCKv)  excitation. 

Table  12 

Table  12 

Estimated  upper  bounds 
from  sinqilified  scaling  of 
limited  data  for  reverse 
reaction;  need  direct 
measurements  at  high  T. 

Table  13.  Suggested  Kinetic  Parameters  for  NO(v.J)  Excitation 
Processes*  (Continued) 


Reaction 

k(T) 

NO(v) 

Populations 

Conunents 

3.11  O(fast)  +  NO 

-  NO(v,J)  +  0 

3(-ll) 

Same  for  all  v; 

J  statistical 

Guess.  Need  direct 
measurements. 

3.12  NO  +  hvaR) 

-  NO(v) 

See  Table  IS  for 

IR  absorption 
coefficients 

v=  1  only. 

- 

3.13  NO  +  hj»(UV) 

-NO(v) 

- 

• 

NO(A-»X)  transition 
probabilities  in  Piper  and 
Cowles  [81] 

*Rate  coefficients  are  in  cm^  molecule*^  s'^ 
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Table  14.  Measured  Rate  Coefficients  for  Deactivation  of  NO(v)  by 

N-,  and  O7  at  300 


NO(va  1)  +  N2  -  NO(vaO)  +  Nj 

St^henson  (1973)^ 

(1.4  ±  0.15)  X  10*^^ 

Murphy  et  al.  (1975)® 

(1.7  ±  0.7)  X  10*^^ 

Kosanetsky  et  al.  (1980)^ 

(1.3  ±  0.1)  X  10*^^ 

Doyenette  and  Margottin-Maclou  (1986)® 

(1.4  ±  0.1)x  10*^^ 

NO(v)  +  O2  -  NO(v-l)  +  Oj 

Murphy  et  al.  Stephenson  and  Kosanetzky  et 

V  (1975)®  Freund  (1976)*>  al.  (1980)‘* 

Fernando  and  Green  et  al. 

Smith  (1981)^  (1982)8 

(2.4±1.5)(-14) 

(2.8)±0.25)(-14) 

1 

(2.6±0.15)(*14) 

(2.9±0.5)(.14) 

(2.2  to  3.1)(-14) 

(5.9  to  7.4)(.l4) 

(1.2  to  1.5)(-13) 

(2.5  to  2.9)(-l3) 

(3.7  to  6.5)(-13) 

(5.1  to  7.7)(-13) 

(4.4  to  15X*13) 

^Rate  coefficients  are  in  cm^  molecule'^  s’^ 

^J.C.  Stephenson,  "Vibrational  Energy  Transfer  in  NO,"  J.  Chem.  Phys.  52>  1523  (1973). 

^R.E.  Murphy,  E.T.P.  Lee,  and  A.M.  Hart,  "Quenching  of  Vibrationally  Excited 
Nitric  Oxide  by  Molecular  Oxygen  and  Nitrogen,”  J.  Chem.  Phys.  2919  (1975). 

^J.  Kosanetsky,  U.  List,  W.  Urban,  H.  Vormann,  and  E.H.  Fink,  "Vibrational 
Relaxation  of  NO(X^n,  v>  1)  Studied  by  an  IR-UV*Double-Resonance  Technique," 
Chem.  Phys.  361  (1980). 

«Ref.  197]. 

^R.P.  Fernando  and  I.W.M.  Smith,  "Relaxation  of  NO(vsl)  by  Radical  Species," 

J.  Chem.  Soc.  Faraday  Trans.  II,  22.  459  (1981). 

*Ref.  (921. 
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Table  IS.  Absorption  Coefficients  and  Transition  Probabilities  for  the  Av=l  and  Av=2  Transitions  of  NO 
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Table  15.  Absorption  Coelficients  and  Transition  Probabilities  for  the  Av=  1  and  Av=2  Transitions  of  NO  (Continued) 


Table  16.  Predicted  Einstein  Coefficients  for  NO(Aval,2)  Transitions^ 


Av»l 

Avs«2 

D 

Billingsley^ 

Chandraiah*^ 

Rothman^ 

Billingsley^ 

Chandraiah^ 

Rothman^ 

10.78 

11.8 

13.25 

20.43 

22.3 

25.33 

0.460 

0.842 

0.84 

29.11 

31.4 

36.22 

1.513 

2.416 

1.29 

36.49 

39.4 

46.35 

3.100 

4.607 

3.85 

42.93 

46.2 

55.19 

4.900 

7.330 

6.24 

48.54 

52.0 

7.285 

10.479 

9.31 

53.54 

9.633 

57.48 

12.500 

60.55 

15.678 

to 

62.77 

19.143 

11 

64.15 

22.936 

12 

64.61 

27.150 

13 

64.23 

31.879 

14 

63.17 

36.932 

15 

61.66 

41.894 

16 

59.80 

46.409 

17 

57.59 

50.496 

18 

54.95 

54.343 

19 

51.90 

58.102 

20 

48.46 

61.812 

‘Einstein  coefficients  are  in 

*»Ref.  [1001 

*^Ref.  {103],  repotted  in  Ref.  {100] 

<*Ref.  [102] 

Table  17.  Suggested  Einstein  Coefficients  for  NO(dv=  1,2)  Transitions, 

T  <  1000  K* 


v' 

A(v,y-1) 

s'* 

A(v,v-2) 

s*^ 

1 

13.4 

- 

2 

25.4 

0.94 

3 

36.2 

2.7 

4 

45.4 

4.6 

5 

53.4 

7.0 

6 

60.3 

9.7 

7 

66.6 

13 

8 

71.5 

17 

9 

75.3 

22 

10 

78.0 

25 

11 

79.7 

28 

12 

80.3 

28 

13 

79.8 

27 

^  14 

No  recommendation 

No  recommendation 

Uncertainty  =  ±  10%  for  v' s  3,  increasing  to  ±  40%  for  v'  =  13. 
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Table  19.  Key  Unknov  "  factors  in  High-Altitude  NO(v)  Chemistry 


Precursor  Formation 

-  N(^D,^P)  production  efficiencies,  ratios 

-  Missing  sources  of  N(^P)? 

-  Latoratory/auroral  coverification 

-  N(^D,^P)  transition  probabilities 

-  Effects  of  V,  Ton  e*  +  Nj,  NO 

N(^D,^P)  Chemistry 

-  T  d^ndence  and  detailed  product  channels  for 

Nro.^p  +  0,  O2 

-  Superelastic  mienching  versus  T^ 

-  Is  0  +  K  *  ."'urce  of  NO? 

-  Viability  ^  for  NO  source 

High  Temperature  Chemistry 

-  High  T  dissocii«  ot  rf  O2,  N2,  NO,  especially  by  0 

-  Fast  atom  (0,N)  chem.stry 

-  High  T  chemical  loss  rates  for  NO,  compared  to 
transport  losses 

NO(v)  Excitation 

-  N*  O2:  production  efficiency  of  NO(v,J)  states 
versus  T  -  changes  in  dynamic  mechanisms? 

-  Excitation  by  electronic  energy  transfer:  N*,  NS*, 

0*.  O2* 

•  Effects  of  0,  0(fost) 

-  N  +  0  as  hi^-T  source 

NO(v)  Deactivation 

-  0  +  NO(v)  kinetics 

•  Effects  of  high-J  on  collisional  deactivation  kinetics 

•  Transition  probabilities:  scale  to  high  v,  high  J,  high 

T 
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Figure  1  Auroral  N(^D)  production  rates  as  modeled  by  Caledonia  and  Kennealy  [S] 
for  an  ICB  II  aurora 

Figure  2  Auroral  N(^P)  production  efficiencies  based  on  data  from  Zipf  et  al.  [8] 
and  multiples  of  the  U.S.  Standard  Atmosphere  [11]  atomic  oxygen  profile 

Figure  3  Recommended  rate  coefficients  and  uncertainties  for  quenching  of 
N(2D,2p)  by  O 

Figure  4  Recent  measurements  of  the  rate  coefficient  for  N(^D)  +  O2  quenching  at 
300  K.  References:  (a)  (27],  (b)  [28],  (c)  [40],  (d)  [41],  (e)  [44],  (f)  [31). 

Figure  5  Rate  coefficients  and  uncertainties  for  reaction  of  N(^D)  with  O2 

Figure  6  Measurements  of  the  rate  coefficient  for  N(^P)  +  O2  quenching  at  300  K. 

References:  (a)  [34],  (b)  [40],  (c)  [28],  (d)  [46],  (e)  [35]. 

Figure  7  Rate  coefficients  and  uncertainties  for  reaction  of  N(^P)  with  O2 

Figure  8  Recommended  rate  coefficients  for  quenching  of  N(^D).  Rate  coefficients 
for  quenching  by  e’  are  plotted  versus  electron  temperature. 

Figure  9  Recommended  rate  coefficients  for  quenching  of  N(^).  Rate  coefficients 
for  quenching  by  e*  are  plotted  versus  electron  temperature. 

Figure  10  Evaluated  rate  coefficients  for  O2  +  M  dissociation,  extracted  from  Baulch 
et  al.  [62] 

Figure  11  Evaluated  rate  coefficients  for  N2  +  M  dissociation,  extracted  from  Baulch 
et  al.  [62] 

Figure  12  Recommended  rate  coefficients  and  uncertainties  for  O2  M  and 
N2  +  M  dissociation 

Figure  13  Rate  coefficients  for  the  reaction  of  N(^)  with  O2,  extracted  from  Baulch 
et  al.  [62] 

Figure  14  Comparison  of  recommended  rate  coefficients  for  reaction  of  O2  with 
N(^),  N(2D),  and  N(2p) 

Figure  15  Rate  coefficient  data  for  the  reaction  of  O  with  N2,  extracted  from  Hanson 
and  Salimian  [63] 
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Figure  16  Recommended  rate  coefficients  and  uncertainties  for  the  N  O2  and  O  + 
N2  reactions.  HS  =  rate  coefficients  for  N  +  O2  determined  by  detailed 
balance  from  the  values  of  O'  +  NO  recommended  by  Hanson  and 
Salimian  [63] 

Figure  17  Rate  coefficient  data  for  the  reaction  of  O  with  NO,  extraaed  from 
Hanson  and  Salimian  [63] 

Figure  18  Rate  coefficient  data  for  NO  +  M  dissociation,  extracted  from  Hanson  and 
Salimian  [63] 

Figure  19  Evaluated  rate  coefficients  for  NO  +  M  dissociation,  extracted  from 
Baulch  et  al.  [62] 

Figure  20  Recommended  rate  coefficients  and  uncertainties  for  NO  removal 

reactions:  (a)  above  300  K;  (b)  above  2000  K.  HS  =  rate  coefficients  for 
N  +  NO  determined  by  detailed  balance  from  the  values  for  O  -i-  N2 
recommended  by  Hanson  and  Salimian  [63]. 

Figure  21  Potential  energy  curves  for  the  low-lying  states  of  NO,  extracted  from 
Kenner  and  Ogiyzlo  [75]. 

Figure  22  Recommended  rate  coefficients  and  uncertainties  for  two-body 
,  recombination  of  N  and  O 

Fiure  23  Relative  NO(v)  populations  produced  in  the  energy  transfer  between 
N2(A^Sy'^  and  NO,  from  the  data  of  Piper  and  co-workers  [81,83] 

Figure  24  Predicted  excitation  rates  for  NO(v=  1)  in  the  undisturbed  upper 
atmosphere 

Figure  25  Estimated  rate  coefficients  for  collisional  excitation  of  NO(v)  by  O, 

compared  to  the  rate  coefficient  for  chemical  reaction.  Uncertainties  are 
shown  only  for  v=  1;  values  for  higher  v  are  estimated  upper  bounds. 

Values  for  vs 9, 10  are  nearly  coincident  vdth  those  for  chemical  reaction. 
The  data  points  are  from  experimental  measurements  for  vs  1  deactivation 
as  described  in  the  text. 

Figure  26  Recommended  rate  coefficients  and  uncertainties  for  deactivation  of  NO(v) 
by  O.  The  rate  coefficients  are  summed  over  all  values  of  n  and  are 
assumed  to  be  independent  of  v.  The  data  points  are  from  the 
experimental  measurements  cited  in  the  text. 

Figure  27  Comparison  of  temperature  dependences  for  deactivation  of  NO(vs  i)  by 
O2,  N2,  NO,  and  Ar.  References:  N2,  O2:  see  Table  13;  Doyenette:  Ref. 
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[97];  Taylor.  Ref.  [96J;  Wray:  J.  Chem.  Phys.,i^  4707  (1973);  Troc;  Ref. 
[94]. 


Figure  28 
Figure  29 

Figure  30 


Theoretical  dipole  moment  function  of  Billingsley  [104]  (dashed  curve) 
compared  to  potential  curve  for  NO(X^II) 

Comparison  of  observed  and  predicted  overtone/fundamental  branching 
ratios.  References:  COCHISE,  Ref.  107,  LABCEDE,  Ref.  106;  Billingsley, 
Ref.  100;  Chandraiah,  Ref.  103;  Rothman,  Ref.  102.  Error  bars  on  the 
COCHISE  data  represent  two  standard  deviations  about  the  weighted 
mean 

NO  Einstein  coefficients  for  the  fundamental  and  first  overtone  sequences. 
The  COCHISE  values  were  estimated  as  described  in  the  text.  References 
are  as  cited  in  Figure  29. 
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Figure  20  Recommended  rate  coefficients  and  uncertainties  for  NO  removal  reactions:  (a) 
above  300  K;  (b)  above  2000  K.  HS  =  rate  coefficients  for  N  +  NO 
determined  by  detailed  balance  from  the  values  for  O  +  N2  recommended  by 
Hanson  and  Salimian  [631. 
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Potential  energy  curves  for  the  low-lying  states  of  NO,  extracted  from  Kenner 
and  Ogryzlo  [7S]. 
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Rdative  NCHv)  populations  produced  in  the  energy  transfer  between 
N2(A^Su'^)  and  NO,  from  the  data  of  Piper  and  co-workers  [81,83] 
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Figure  24  Predicted  excitation  rates  for  NO(vsl)  in  the  undisturbed  upper  atmosphere 
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Estimated  rate  coefficients  for  coilisional  excitation  of  NO(v)  by  O,  compared 
to  the  rate  coefficient  for  chemical  reaction.  Uncertainties  are  shown  only  for 
v^l;  values  for  higher  v  are  ^timated  upper  bounds.  Values  for  vs9,10  are 
nearly  coincidoit  with  those  for  chemical  reactitm.  The  data  points  are  from 
experimental  measuremoits  for  v»l  deactivation  as  described  in  the  text. 
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Figure  27  Comparison  of  temperature  dependences  for  deactivation  of  NO(val)  by  O2, 
N2,  NO,  and  At.  R^erences;  N2,  O2:  see  Table  13;  Doyenette:  Ref.  [97]; 
Taylor,  Ref.  [96];  Wray:  J.  Chem.  Phys.,  4707  (1973);  Troe:  Ref.  (94). 
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Figure  28 


Theoietical  dipole  moment  function  of  Billingsl^  [104]  (dashed  curve) 
compered  to  potential  curve  for  NO(X^Il) 
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Comparison  of  observed  and  predicted  overtone/fundamental  branching  ratios. 
References;  COCHISE,  Ref.  107,  LABCEDE,  Ref.  106;  Billingsley, 

Ref.  100;  Chandraiah,  Ref.  103;  Rothman,  Ref.  102.  Error  bars  on  the 
COCHISE  data  rqyresent  two  standard  deviations  about  die  wdghted  mean 
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RECOMMENDED 


•  COCHISE  1990 

- BILLINGSLEY  1976 

- CHANDRAIAH  1973 

■ - RECOMMENDED  VALUES 


UPPER  STATE  VIBRATIONAL  LEVEL 


B-4628 


NO  Einstein  coefficients  for  the  fundamental  and  first  overtone  sequences. 

The  COCHISE  values  were  estimated  as  described  in  the  text.  Referaices  are 
as  cited  in  Figure  29. 
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The  Aeionomy  of  Aurorally  Excited  Infrared  Fluorescence  from  Rovibrationally 

Excited  Nitric  Oxide 
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CHEMICAL  FORMATION  OF  NO(v,J) 
NASCENT  NO(v)  PRODUCT  DISTRIBUTION 
FOR  N*  +  O2  REACTIONS 


ENERGY  TRANSFER  EXCITATION  OF  NO(v,J) 

N* ,  No  +  NO  ^  NO(v,J) 

_ AVERAGE  POPULATIONS _ 

T-3133 


VIBRATIONAL  LEVEL 


•  NO(v=1 )  must  be  corrected  for  N2(v)  +  NO(v=0) 
NO(v=1)  +  N2(v-1)  contribution 

•  v<7  rotationaily  thermalized  bands;  v^3  rotational  band 
heads  observed 

•  Indicate  energy  transfer  of  <1 .7  eV 

•  Modeled  distribution  is  for  N2(A)  +  NO  NO(A) 
NO(v,J) 
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KEY  REACTIONS  FOR  AURORAL 
NO(v)  EXCITATION 


T-3125 


•  Precursor  formation/quenching: 

e- -  Ng,  ,  NO+}  N(^,  +  N/0 

N(%)  +  O  ^  N('^S)  +  0{b,  ^P) 
N(^)  +  O NO"^  +  e- 

N(%)  +  0(^) 

-»  N('^S)  +  0(b,  ^P) 

•  NO  formation/excitation; 

N(^)  +  02"^  N0(\)  +  0(b, 

N(^P)  +  Og  ^NO(v,J)  +  0(b,  b, 

NO(v  =  0)  +  O  NO(»/  =  1)  +  O 
+  Itv(IR) -»NO(v  =  1,2) 

+  hv(UV)  -»NO(A)  ->NO(v)  +  hvC-y) 

•  NO  loss/deactivation: 

NO(v)  +  O  vibrational  deactivation 

NO(v,J)  +  M  rotational/vibrational  cooling 

NO(v,J)  NO(v",J")  +  hv(lR) 

N(^S)  +  NO  ^  Ng  +  O  ^ 
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AURORAL  NO  MODEL 
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t  L.G.  piper  and  coworkers.  1987-1989 


QUENCHING  KINETICS 
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ROTATIONAL  POPULATION  DISTRIBUTIONS 


C25lt 


Tt4t53 


late 


PREDICTED  NO(v)  PRODUCTION  RATES 
CLASS  ir  AURORAL  COMPONENT 
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Number  Density  (cm-3) 


PREDICTED  NUMBER  DENSITIES 
CLASS  ir  AURORAL  PRODUCTION 


NUMBER  DENSITY  (cm 


PREDICTED  AURORAL  NO(v)  PRODUCTION 

CLASS  11+  AURORA 


ZENITH  COLUMN  DENSITY  (cm 


OF  [O]  ON  NO(v)  COLUMN  DENSITY 
ZENITH  COLUMN,  z  >  90  km 
10  kR  (391.4  nm 


U.S.  STANDARD  ATM. 
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NO(v,J)  40  quenched 
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EFFECT  OF  [O]  ON  FLUORESCENCE 
EFFICIENCY  ZENITH  COLUMN,  z  >  90  km 

10  kR  (391.4  nm) 
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PEAK  [O]  (95  km). 

ZENITH  COLUMN  FRACTION  OF  NO  (v.J) 


EFFECT  OF  [01  ON  NO(v,J) 
CONTRIBUTION 


PREDICTED  ZENITH  NO  RADIANCE, 
IBC 11+  (38  kR)  AURORA,  105  km  PEAK 
DEPOSITION,  HIGH  [NOI,  U.S.  STD.  ATM. 
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PREDICTED  ZENITH  NO  RADIANCE,  IBC 111+ 
(380  kR)  AURORA,  LOW  [NO],  U.S.  STD.  ATM. 
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PREDICTED  FRACTIONAL  CONTRIBUTION  OF 
NO(v,J)  FROM  N(^D,^)  SOURCES  TO 
THE  CLASS  11+  AURORA 
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ZENITH  COLUMN  FRACTION  OF  NO(v^) 
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IMPLICATIONS  OF  HIGH-ALTITUDE 
NO(v,J)  MODELING 


O  +  Ng  (A®I) 

Need  more  laboratory/field  data  to  evaluate  these 


FIELD  MEASUREMENT  REQUIREMENTS 

FOR  NO(v,J) 

T-1251 

•  IR  fluorescence  spectra 

-  1  to  2  cm'^  resolution 

-  4.9to8.0|im 

-  NESR'-10'‘'^W/cm^srcm''' 

-  Filter  NO(v=1)  band 

•  IBC  ll^  and  III’''  auroras 

-  Zenith  or  partial  limb  views,  90  to  1 50  km 

-  Peak  deposition  1 05  km  or  lower  (monitor  by 
ground-based  photometry) 

-  Test  for  predosing  effects 

•  Companion  photometers:  N2(B)  391 .4  nm 

N(2p)  346.6  nm 
N(2d)  520.0  nm 
N2(A)  V-K  bands 
NO(A)  Y  bands 

•  Atmospheric  composition  sounding 

-  [O]  fiiKfiniial.  [NO]  optional 

-  Temperature,  density 

-  Ion  concentrations:  NO^,  Of,  O^,  Ng 
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CONCLUSIONS 


VG89-249^ 


•  HIGH-J  ROTATIONAL  EXCITATION  (~10‘»K) 
PERSISTS  ABOVE  100  km:  10  TO  30  PERCENT 
OF  TOTAL  AURORAL  NO(v)  BUDGET 


•  EXPECTED  N(2  P)  +  O,  CONTRIBUTION  IS  2  TO 
1 0  PERCENT 


•  MOST  ALTERNATIVE  MECHANISMS  SEEM 
UNLIKELY 


•  MAJOR  UNKNOWN  FACTORS 

—  N(2D)/N(2p)  EXCITATION  EFFICIENCIES 

—  DEACTIVATION  KINETICS/RADIATIVE 
RATES  FOR  NO(v.  HIGH  J) 

—  T  DEPENDENCE  OF  N  *  KINETICS  AND 
PRODUCT  CHANNELS 

—  KINETICS  OF  O  +  NO(v) 

—  CONTRIBUTIONS  FROM  ENERGY 

TRANSFER  MECHANISMS:  (N*.N2)  +  NO 
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